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REACTION PATHWAY S OF INORGANIC SOLID MATERIALS:
SYNTHESIS, REACTIVITY, AND STABILITY

EXECUTIVE SUMMARY

Inorganic materials science today is criticaly lacking in the knowledge of predictive reaction pathway
mechanismsthat would alow the design and synthesis of materidswith specified reactivity and properties.
Thisis a complex and fundamenta problem that affects dl aspects of inorganic chemigtry and materias
science such as oxides, metals, aloys, cataysts, corrosion, degradation and therma stability. Becausethe
problem is so immense and affects such a wide range of materids, atruly integrated basic research ap-
proach of theory, modeling, synthes's, vaidation and testing isrequired. Successin merging these methods
will alow for unprecedented control and predictability of properties and reactivity of technicdly relevant
materials. Itisproposed that the Office of Basic Energy Sciences (BES) invest in research programs that
seek to determine the fundamental parameters necessary for predicting the reaction pathways of inorganic
solid materids.  The combined cgpabilities of the Department of Energy (DOE) nationd |aboratories and
the Nation's research universities will alow for the determination of a new set of principles by which
inorganic solids research can be governed. The reliable prediction of the reactivity and properties of
materiaswill foster anew fundamenta science, while sgnificantly contributing to goplicationsthat improve
U.S. energy security.

Current undergtanding of chemical bonding provides a set of “governing rules’ that correctly predict the
reaction mechanismsand productsfor organic chemisiry. Such isnot the casefor solid inorganic chemistry/
materia science due in part to the complexity of the systems being studied (i.e., compositiond variability,
defects, eectromagnetic interactions, metastability, and cooperative interactions). |llusirative examples of
the sengtivity of materias performance to compositiona/defect variability include: (1) a chromiaforming
heet-resigting dloy with avariation of only 0.5wt% S doubling its life span for protective-scale formation
under thermal-cycling conditions, and (2) small variation of eemental composition and defect structure of
ionic conducting perovskites increasing performance.

Recent advancesin materidsmodeling, synthesisand anaytica capabilities provide astrong foundation for
ggnificantly advancing understanding of reaction pathways of inorganic solid materids. For example,
dengty functiond theory (DFT) alows us to study complex heterogeneous systems and reved energeti-
caly favorable structures, embedding techniques and hybrid methodsthat capture dynamicsalow study of
extended systems, and cluster variation method (CVM) cdculationsalow for predicting the phase equilib-
riain multicomponent dloys. Synthesis methods have progressed subgtantidly beyond “ball- milling and
hesting” to procedures that take advantage of new breakthroughs in nanoscience, such as low-tempera:
ture synthesis of metastable phases, sdf-assembly and epitaxia growth of thin films that access previoudy
unachievable phases. Andytica capabilities such as caorimetry of trandtion metal oxides and neutron
science (indastic neutron scattering of metastable phases and reections in-gitu) dlow for fundamenta
probes of phase formation and kinetic interactions in reactions. Microspectroscopic methods such as X -
ray emission and scanning probe microscopies, together with more recent techniques such as 3-dimen-
sond atom probe, will dlow study of individua sites with unprecedented energy and tempord resolution.

The knowledge gained through this coordinated technica approach will have significant impacts on fossil
energy science and beyond. Understanding the rules that control the synthes's, reactivity and stability of
inorganic materials will adlow subgtantid improvements in awide variety of foss| energy applications in-
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cluding sensors, reliable and durable structura materias for high-temperature applications, membranes,
and catdysts. Additiond impactswill include energy sources (hydrogen) of thefuture, legacy clean-up and
long-term waste storage and actinide science relevant to the DOE-Defense Program’s (DP' s) mission.

Summary of Research Direction

Inorganic materias science today s criticdly lacking in the knowledge of predictive reaction pathway
mechanismsthat would alow usto design and synthes ze material swith specified reectivity and properties.
Currently, an “Edisonian” gpproach is the most common method for directing materias synthesis toward
an intended bulk property, with structure/property relationships usudly being determined in the post-
andyss. This is a non-optimized approach without much predictive capability. Furthermore, thisis a
complex and fundamenta problem that affects al aspects of inorganic chemistry and materids science
such as oxides, metds, dloys, catalysts, corrosion, degradation and thermal stability. Anintegrated basic
research effort by academics and nationa |aboratory scientists will combine theory and experiment, using
gate-of-the-art DOE user facilities to address the following questions:

What chemical forces drive the operative reactions (e.g., crystalization of unique phases) and can,
with the understanding these forces, lead to the synthesis of other classes of materiads?

What chemica mechanisms are responsible for observed bulk properties (e.g., ionic conduction,
multicomponent diffusion, or catalytic salectivity)? What are the aiomic-scae origins of reactivity
in these materids?

How will understanding atomic-scal e properties/phenomena, such asatom-atom and atom-defect
binding energies, nearest-neighbor interactions, Ste sdectivity and changes in crysta structure,
lead to the synthesis of new classes of tailored inorganic phases?

How will understanding 1-dimensiona and 2-dimensiona structurd defectsin materidslead tothe
synthesis of materias with tallored properties?

How can the thermodynamics of systems with stressmediated interactions and consequentia
non-equilibrium effects at the interface be properly trested?

Can interface mohility, as a function of its sructure, orientation, composition, and strain fidd, be
accurately modeled? Included here isthe growth of afaceted interface (dynamics of step propa
gation).

What nontraditiona transformation pathway processes need to be established to describe the
selection of stable or metastable phas(s) and the advancement of corresponding laws of phase
transformations?

The god of this type of program is detailed understanding of the atomic mechanisms (or reaction path-
ways) respongble for the formation of inorganic phases and the ability to predict the bulk properties of
those formed materials. This generd approach is a necessary god for al areas of inorganic chemica
research, including solid inorganic oxide, and metdl and aloy chemigtry/materid science. Examples of
areas of need include:
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- Inthe area of ionic conducting perovskites, variation of elemental composition and defect structure
increases performance. Existing methods for synthesizing perovskites, and those with high dielectric
conglantsand/or ionic conductivity include bal milling and heating, ball milling to release an exotherm
plus heating, solgd synthesis and thin film gpplications, solgel plus organic addition synthesis (for
high surface areamaterials), and metal organic chemica vapor depostion. All these methodsinvolve
high-temperature heeting, necessary for perovskite crystdlization. Thisisnot only costly in heating
costs, but dso adversdly affects the find materid. Research into low-temperature perovskites
derived from stoichiometricaly predetermined metastable phases (i.e., solgels, molecular Seves)
are different energetically, and probably show moreionic disorder (i.e., metastable which is desir-
able for properties such as ionic conductivity and high dielectric constant) compared to materias
synthesized directly a high temperature. Thisgivesthe ability to “tune’ the resultant perovskiteinto
nove compositions.

- Inthe areaof synthesizing materiaswith tailored properties, it iswell established that propertiesare
inextricably linked to the micro- and/or nano-structure of a given materia. The evolution of a
micro- and/or nano-gtructure often involves self-organized phenomena, which can result in highly
regular structures of controllable geometry and sze.  Although there are multiple routes to sdf-
organization, involving different driving forces, length scalesand system dimensiondity (i.e., whether
2-d or 3-d), it isimportant to understand the underlying principles, which universaly describe sdif-
organization, irrepective of the specific details of the system.

In the area of hest-resgting dloys, dight variations in aloy compostion can sgnificantly affect
resistance to high-temperature degradation and, hence, performance. This is true even for
compodtion variaionswithin thegpedificationsof acommerdd dloy. Such asengtivity to composition
reflects the complex interactions of dloying eements on scaing behavior, scale adherence and
cracking/spd lation behavior, and subsurface diffusion behavior. A holistic gpproach that addresses
all these aspects of high-temperature
degradation needs to be taken if there are to
be any legp-frog advances in improving the
religbility, durability and predictability of dloys
and coatingsfor high-temperature gpplications.

New Scientific Opportunities

New scientific opportunities exist in the combination
of basic synthetic research methods, plus analytical
abilitiesto understand from the reaction pathway level
of interactions of reactantsto their effect on bulk prop-
erties. Thisisthe opportunity for modding expertsto
use expanded modding/s mulation codes on ever more
powerful computersto predict the true eventsin these
complex materias sysems (e.g., see Figure 1-1), and
to utilize embedding techniques and hybrid methods
that capture dynamics for the study of extended sys-
tems.
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Recent progress in synthetic methods alows for the exploration of new phase space areas, particularly in
low-temperature synthes s of metastable phases by hydrotherma and chemie douce methods, self-assem-
bly of inorganic oxides and 111/ semiconductors through organic molecule capping techniques, and epi-
taxidly growth of thin films. Studies of the synthes's, its optimization and the mechanism of formation will
need the combined efforts of X-ray (i.e.,, synchrotron) and neutron scaitering technologies. An excellent
example is the use of time-resolved studies at the National Synchrotron Light Source (NSLS) and Ad-
vanced Photon Source (APS). Time-resolved studies would dlow us to study structure transformation
between metastabl e phases through to thermodynamically stable phases. Fundamentd issuesto be stud-
ied include structure, mechaniams for transformation (i.e., bond breaking), and microporosity durability
versus gructure densfication, through the observation of the reaction from gdlation to crystalization usng
time-resolved scattering. The ability to observe metastableintermediates directly, some of them existing for
just ashort time, is adigtinct advantage and an excellent complement to the exploratory synthess efforts.

Relevance and Potential | mpact

This proposed research direction is of direct relevance to al energy programs (eg., Fossl, Nuclear,
Energy Efficiency, Renewable, Fusion).

The knowledge gained through this coordinated technicd effort will have sgnificant impacts on fossl
energy science and beyond. Understanding the rules that control the synthes's, reactivity and stability of
inorganic materias will alow subgtantid improvements in a wide variety of foss| energy applications,
including sensors for monitoring in high-temperature and caustic environments, reliable and durable struc-
turd materids for high-temperature gpplications in advanced power generation systems, materids and
coatings for supercriticd reactors, membranes for ionic/proton conduction and hydrocarbon feedstock
separations (dlowing for the remova of codtly didtillation units), and catalysts for vastly increased energy
and economic efficiency plus reduced environmenta impact.

Additiona impacts will include energy sources (hydrogen) of the future, legacy clean-up and long-term
wadte storage and actinide science relevant to the DOE-DP mission. In particular, the fields of proton and
ionic conductors have been hampered by “ Edisonian” gpproachesfor synthesizing better conducting meaterids.
Instead of traditional human combinatoria approaches, the employment of defined reaction pathwayswill
be usad in the design and tuning of high-conducting oxides with built-in therma, mechanica and chemicd
gability. Furthermore, the resultant reaction pathway rules will be employed in the synthesis of materids
for waste legacy clean-up and long-term waste storage of radioactive solvated nuclei found today in
temporary waste storage facilities around the country. Findly, the gpplication of this predictive knowledge
to actinide science dlows for safe, non-repetitive synthetic laboratory procedures, resulting in minimized
exposure to workers.

Estimated Time Scale

The determination of the fundamentd parameters of the reaction pathways for inorganic solid materids
resulting in predictive synthes's, reactivity and stability isalong-term god of the basic reseerch community.
Achieving this god has yet to be accomplished due to the significant complexity of the problem. Thefull
cooperation of basic research scientists from nationd laboratories and academic communities, plusfull use
of the DOE' s user facilities, will be needed to make any notable headway. We believe that with full coop-
eration and funding in 3-5 year increments, thiswill be a 10-20 year investment for BES.
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ADVANCED SUBSURFACE IMAGING AND ALTERATION OF
FLUID-ROCK INTERACTIONS

EXECUTIVE SUMMARY

Foss| energy resources are currently the backbone of the U.S. energy system, and their continued avall-
ability in the short term is critica for maintaining U.S. economic security. The technicaly recoverable
reserves of oil and natural gas are many times those of current proved reserves. Advanced geoscience
technologieswill enableindustry to meet the challenges of locating and extracting these additiond reserves
in an environmentaly acceptable and cogt-effective manner. Two research areas that would have mgjor
impacts are subsurface imaging and in-Stu dteration of fluid/rock interactions. Subsurface imaging will
delineate deep geologic structure and the properties, compostion, and spatid distribution of rocks and
fluids. Research supporting imaging would have application to hazard prediction, resource quantification
and reservoir process monitoring. Purpossful in-Stu dteration of rock/fluid interaction deals with tech-
nologies for increasing the mobility of oil and gas phases, thereby increasing the amount of extracted
resources. It dso dedswith devel opment of technologieswhich will ultimately enablein-stu processing of
hydrocarbons, replacing processing steps that are currently carried out on the surface.

These advanced geoscience technologies will require development of new fundamenta understanding of
geophysical, geohydrologic, and geochemica processes. Fundamenta research in wave propagation and
new mathematical methodsfor inversion of geophysical, geohydrologic, and geochemica datawill provide
part of the basis for mgor advances in imaging. Other basic research is needed to understand how to
predict processes from measurements at different scales. Exotic physical phenomena such as dectroki-
netic and seismoel ectric effects need to be assessed through basic research to identify technologica appli-
cations. The basic processes controlling the mobility of one fluid phase rdative to another need to be
understood. Findly, the posshility of usng nanoparticles to dter rock/fluid interactions, thereby ether
increasing mobility of oil or releasing more easily extractable volatile gas, opensthe door for revolutionary
new hydrocarbon extraction technology.

Successful gpplication of this basic research will have mgor scientific payoffs within the next two decades
aswdl as potentid financid impacts in the energy industry of billions of dollars per year.

Summary of Resear ch Direction

Advanced geoscience technologies are necessary in order to meet the chalenges of environmentally ac-
ceptable and cogt-effective extraction of remaining domestic reserves of oil and gas and to enable devel -
opment of unconventiona reserves. Two areas that would have a mgjor impact on reserve extraction are
subsurface imaging and in-Situ dteration of fluid/rock interactions. Mgor advances in these technologies
will require development of new fundamenta understanding of geophysical, geohydrol ogic, and geochemi-
cal processes.

Subsurface imaging will delineate subsurface geologic structure and the properties, composition, and spa-
tid didribution of rocks and fluids. By repesting measurements over time, hydrodynamic, geochemicd,
and geomechanica processes can be monitored. Research supporting imaging technologies would have
goplication in at least three mgor areas. (1) hazards prediction, (2) resource quantification, and (3)
monitoring of reservoir processes.
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Improved imaging will reduce the risk of siting and drilling wells. Hazards include overpressure; week
ungtable materias, such as shalow water flows, and sdt, which cregps. Imaging research needs to focus
on providing quantitetive information on the physica properties of hazards as well as location and spdtid
extent.

Subsurface geophysicd imaging has been used for decades to identify the location and quantity of oil and
gas resources. In conventiond oil and gas fidds the challenge is now to locate smaller pools which have
been missed during origind exploration. Unconventiona gas resources such as cod bed methane and
methane hydrates present new challenges. In neither case are conventiond oil and gas imaging technolo-
gies adequate to quantitatively evauate the amount and ditribution of the resource.

Monitoring of reservoir processes will enable more cost-effective production aswell as provide informa-
tion on additiond reserves. Information is needed on the changes over timein the distribution and pressure
of ail, gas, and water during primary, secondary, and tertiary production. Injection of chemicaly reactive
substances, such as CO,, necessitates geochemica monitoring aswell. Imaging for monitoring requiresthe
combination of direct measurement of quantities, such as chemical composition, pressure and fluid flux
with indirect geophysica measurements. Research is needed to develop methodsthat integrate the various
types of data in developing an image, as wdll as to improve resolution and quantitative interpretation of

imaging results.

Purposeful in-situ dteration of rock/fluid interactions is the second research area that could have mgor
impacts on oil and gas recovery. Primary production of oil and gasis carried out utilizing natura forces
such as differentia fluid pressure, gravity, and reservoir compaction. Injection of water, steam, CO,, or
other chemicas are used for secondary and tertiary recovery of oil, and are examples of purposeful
dteration of rock/fluid interactions.

Most secondary and tertiary methods involve modification of the mobility of one phase relaiveto another.
Wettability describes the relationship among mineral surfaces and the immiscible fluid phases. It strongly
influences the location and didribution of fluids and fluid rdative permesbilities and is one of the main
design parameters for sdlecting the best recovery strategy. Nonetheless, the complex mechanisms con-
trolling wettability and its effect on oil recovery are not well understood.

It has been suggested that phase mohility can be modified by low-frequency seismic energy, diffusive
pressure waves, and € ectrokinetic and seismoel ectric phenomena. Research is needed to evauate funda:
mental mechanical, hydrodynamic, and eectrochemica processes that may change the mobility of one
fluid phase rdaive to another.

The possihility of usng nanoparticlesto dter rock/fluid interactions, and, in particular, increase oil mohility,
represents a new, potentially significant research direction. For example, oil might be sorbed onto
nanoparticleswhich would have lower capillary forcesthan the unmodified oil. Another technique might be
to use nanoparticlesthat would adhereto pore surfaces but present hydrophilic surfacesto theoil. Findly,
talloring dectronic properties of nanoparticles opensthe door for developing materias, and perhagps dight
variants of naturd mineras, that would have unique catalytic properties. It may then be possible to bresk
long-chain hydrocarbonsin place, releasing more eesily extracted volatiles.
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New Scientific Opportunities

Research directed toward subsurface imaging and dteration of fluid rock interactions will provide oppor-
tunitiesfor broadening and devel oping new areas of fundamenta sciencein geophysics, gechydrology, and

geochemidry.

Fundamentd research in wave propagation in complex mediawill provide understanding needed to make
advances in imaging. The complexity of rock masses arises from the existence of discontinuities such as
fractures and faults, which exist a al scaes, heterogeneity in lithology arising from natural geologic pro-
such as deposition, intruson, and hydrotherma dteration, and the presence of fluids of different
phases and properties that are heterogeneoudy distributed at al scales. For such media, the relative
contribution of scattering and intringc atenuation to frequency dependent changes in amplitude needs to
be better understood. New rock physic modelsare needed that quantitatively describeintringc attenuation
in porous rock containing heterogeneous digtribution of fluids of multiple phases. New modds for wave
propagation at amacroscopic scale that accurately capture effects of different loss mechanism, need to be
developed. Differencesin the modelsfor different geologic environments need to be understood. Factors
affecting wave-propagation are expected to be very different in sand, shae, soil (unconsolidated sedi-
ments), cod, and granite.

Electrokinetic phenomena, and in particular, seismic-electric, and eectro-ssismic coupling are not well
understood. Prediction of behavior at the macroscopic, or field scde, is particularly uncertain.  Diffuse
pressure waves, which travel primarily in the fluid phase, are dso not well modeled and characterized.
Further fundamenta work on these phenomena could lead to new imaging methods. These same phenom-
enamay aso have effects on phase mobility which could lead to breskthrough technologies for enhanced
recovery of oil and gas resources.

The non-uniqueness of inverson is afundamenta problem in imaging. Joint inverson of various types of
data is one gpproach to the problem of non-uniqueness, but joint inverdon is computationdly intensve.
New mathematical gpproaches, including support vectors and other new algebras, need to be explored.

Fundamenta research needs to be focused in geophysics, geohydrology and geochemistry on issues of
scdein complex media. It isnot clear how to scae geophysicd measurements from the |aboratory scae
tofield scale. Itisnot clear how to combine hydrologic modesof processes at the microscalein poresand
fractures to generate effective media models applicable at fied scade. It is not well understood why fluid/
rock reaction rates determined at laboratory scale experiments are up to severd orders of magnitude
faster than Smilar reaction rates measured at field scale.

Advancementsin purposeful dteration of rock/fluid interaction requires new fundamenta understanding of
the mechanisms controlling wettability in reservoirs. Scientific opportunities include: (1) understanding
influence of asphatenes and oil composition on wettability, (2) studies of effects of brine compaosition, (3)
sudies of clay and colloid particle content and composition, and (4) understanding influences of colloid-
interface associations.

Finaly, the potentia for development of new gpproachesto dter fluid/rock interactions using nanoparticles
provides awhole new area of nanoscience research opportunities. Very little is known about the proper-
ties of minera nanoparticlesthat would be most applicable, dthough severd expectations arise from what
is known about semiconductor nanoparticles and crystals. The eectronic properties of nanomineras are
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Sze dependent and not the same as the bulk structure of the same materid. Surface properties such as
surface tenson and hydrophoalicity/hydrophilicity are dso sze dependent. Chemicad modification of
nanoparticle surfaces may be possible that would enable unique collective phenomena such as aggrega
tion. All of these properties may be tailored for enhanced recovery applications.

Relevance and Potential | mpact

Fossil energy resources are currently the backbone of the U.S. energy system and their continued avalil-
ability in the short termiis critical for maintaining U.S. economic security. It iswell known that domestic oil
reserves and oil production are declining. Conventiond production of naturd gasin the U.S. may pegk as
early as the year 2015, though natural gas consumption is increesing faster than any other fossl fud.
Though the current proved domestic reserves of crude oil and naturd gas are 22 BBO (billion barrels ail)
and 177 TCEF (trillion cubic feet), the technically recoverable reserves are 175 BBO and 1431 TCF,
respectively. In 1995, the United States Geologica Survey (USGS) estimated that over 50% of the
technicdly recoverable ail reserves is ail in known fields that could be added through fidd extension,
additions of new pools and application of new recovery techniques. Even 90 BBO isalargeincreasein oil
reserves. Mgor breskthroughsin imaging and new advancesin purposeful dteration of rock/fluid interac-
tionswill provide the technology needed to cost effectively locate and extract much larger percentages of
the technically recoverable resources. Financid impacts of technology breakthroughs in the energy indus-
try are measurable in terms of billions of dollars per year.

Estimated Time Scale

Itisextremely difficult to forecast technology breakthroughs. It is envisoned that research will be continu-
ing in each of the areas discussed for decades. At the sametime, useful results will be generated over the
courseof continuing research efforts. Whether by incremental advancement of knowledge or magjor bresk-
throughs, mgjor payoffs would be anticipated during the next two decades.
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DEVELOPMENT OF ANATOMISTIC UNDERSTANDING OF HIGH-
TEMPERATURE HYDROGEN CONDUCTORS

EXECUTIVE SUMMARY

lon trangport membranes composed of proton-conducting materids are a critical component for future
fud processing and energy production systems, aswell as ancillary technologies such asfud cdls, sensors,
and eectrolyzers. Proton conducting membranes are necessary to extract absol utely pure hydrogen from
mixed gas sreamsin the processing of fossil fuels and other petroleum and petrochemica processes. The
best candidate membrane materids for hydrogen separation at high temperatures are proton-conducting
ceramic oxides. However, despite great efforts, a viable ceramic-based proton conductor has not yet
been developed. The objective of the proposed thrust is to develop, through the integration of theory,
modeling, and experimentation, a scientific understanding of the mid- to high-temperature (<600°C and
700°C) interaction of incorporated hydrogen with the host atoms and structura defectsin a new class of
oxides and amorphous metalic proton conductors.

Current science and future facilities are well positioned to make these advances. For instance, the more
advanced computing systems are providing powerful tools for research through massvely pardle imple-
mentations of Smulation modes . High-performance computing is enabling researchersto model materids
systems a reduced dimensondity, while a the same time accurate firs-principle ca culaions of materids
properties now extend to systems involving thousands of atoms. The advent of powerful pulsed neutron
sources is making possible the acquisition of neutron diffraction data.on much shorter time scales. These
and current neutron facilities will provide the capability to shorten the time scale to tens of seconds for
some materids sysems aswell, which will dlow for critica time-resolved in-Situ studies of protonic con-
ductors. Specifically, neutron diffraction can be used to locate the coordinates of oxygen and hydrogen
(deuterium) ions in bulk polycrystdline solids, which are essentid to the conductivity of these materids.
Thiswill expand the scientific understanding required to optimize the structure-related properties of crys-
taline, nanocryddline, and even amorphous materias for gas separation, hydrogen storage, fud cdl, and
other economicaly important gpplications.

The advances made by this effort over the next 10 years are critical for thelegp-frog devel opment of novel
ion conducting oxides and dloys for hydrogen separation membranes. Such a development will dlow for
the recovery of millionsof cubic feet of hydrogen at refineries every day and thus save the petroleum, sted,
and petrochemica industries hundreds of millionsof dollarsannualy. It will aso facilitate the separation of
hydrogen from carbon-dioxide-laden streams, facilitating sequestration.

Summary of Resear ch Direction

A more fundamenta understanding isneeded of how hydrogen istransported and stored within the atomic
lattice, at interfacesin crystaline materias, and within the disordered structure of bulk amorphous metals.
Neutron sources offer exciting new opportunities for studying the migration and storage mechanisms for
hydrogen in various materids. The ability to aso conduct in-situ anadyss to examine the influence of
temperature and environment on transport processes and stability issueswill play amgor rolein develop-
ing the next generation of hydrogen conductors. Theoretical studies utilizing such information will be
needed to provide abasisfor tailoring materias and multicomponent systems. Opportunitiesalso exist for
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developing new materias by gaining further indghts into the behavior of nanocrystaline oxides and bulk
amorphous dloys.

New Scientific Opportunities

Proton Conductors. Proton conductorsare critica materialsfor future hydrogen-fuded sysemsand the
related infrastructure required to produce and ddliver hydrogen. These can be used as solid dectrolytesin
fud cdls, ionic membranesand gas sensors. However, the properties of current materials are not sufficient
to meet the needsfor commercia gpplications. To date, the available materidsare not sufficiently stablein
the anticipated service environments and lack the high protonic conductivity and enhanced cataytic prop-
ertiesrequired. Future research efforts must focus on the fundamenta understanding of hydrogen conduc-
tion and storage mechanisms and their relation to composition and crysta structure to uncover new pro-
tonic conduction materials.

All current proton conductor systems have issues rdated to insufficient chemical stability and proton
diffusvity and/or the dominance of other charge carriersto the tota dectrica conductivity. For example,
hydrate compounds such as HMo,,PO, H,0, HCIO:H,0O, which possess high protonic conductivity,
are ungtable in dry atmospheres and at temperatures above 100°C. A smilar Stuation is found with the
bronze-structured HWO, or HMoO, oxides. Despite the fact that these materias have high proton
mohbility, their dectrica conductivity isdominated by the eectronic contribution, and protonic conductivity
is not major factor in this case. In acceptor-doped perovskites (e.g., S'CeQO,, BaCeO,), the electrica
conductivity can be enhanced by trivalent dopantsthat introduce oxygen vacancies and promote theincor-
poration of protons. Unfortunately, the ratio of hydrogen-to-oxygen trangport diminishes a devated
temperatures, and the materids are no longer effective hydrogen conductors.

A mgor issue is the need to discover materids that are cgpable of hydrogen storage levels of $10%.
Studies of proton storage in oxides indicate that the protons are associated with the oxygen in the lattice
and form OH groups in concentrations of only 3-5%, concentrations that are comparable to the oxygen
vacancy content.  Similarly, the hydroxides such as LiOH can store only ~ 4% hydrogen, while some of
the hydrides are reported to store levels approaching 10% but have issues with stability.

Oxide Conductors. In the case of oxide proton conductors a new paradigm is required to overcome
past deficiencies. Unique crystd chemica approaches are envisioned to enhance proton conductivity
induding (1) introduction of vacandesand defectsthrough nove doping schemes, (2) nonlinear enhancement
of propertiesin compaositions near phase boundaries; and (3) explaitation of interfacia effectsin multiphase
compositions in combinations of chemicaly related but crystdlographicaly dissmilar proton conductors,
such asthosewith layered structures. Another areafor research isthe development of ion-conducting thin
films, which could accel erate the gpplication of proton conductors asion separation membranes by enhancing
hydrogen permesability, even at lower operdation temperatures. Thereis potentid for achieving such gods
by deveoping thin film membranes with thickness |ess than one micron on porous subdrates. This could
lead to deviceswith much higher permestion rates than the current devicesthat utilize oneto two millimeter
thick bulk membranes.

Whilethisisinsufficient, thereis an extensive experimenta database on perovskite structures, which could
serve asthe initid bads for developing new oxide sysems. The advent of new neutron beam lines will
provide apowerful meansfor establishing the mechanisms of hydrogen storage and transport in these and
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other oxidelattices. For instance, quasi-elastic neutron scattering could be employed to study the proton-
phonon interactions and develop new indghtsinto protonic trangport a the alomigtic level. Thiswill dso
require the development of models and analyticd toolsto be able to interpret such data. Such advances
will alow oneto examinethered effects of specific dopants on proton trangport and providefor criticd in-
gtu studies of the effects of temperature and gas composition. These resultswould be linked with theoreti-
cd sudies utilizing firgt principles and various|onger length scae gpproaches (e.g., molecular dynamics) to
describetherole of lattice structure and composition in vacancy formation and the storage and transport of
hydrogen within the lattice. With such understanding, it will be possible to develop materialswhere electri-
cd trangport is not limited by lattice diffusion.

In addition, there is a need to search for and take advantage of new mechanisms for protonic transport.
Thereis the potentia for novel nanocrystalline oxides as hydrogen conductors. Studies have shown that
nanocrystalline perovskites (e.g., Y b-doped SrCeO,) can exhibit over athousand-fold increasein electri-
cal conductivity, as compared to the conventional micron-grain-sized ceramics. Thiseffect may berelated
to the more rgpid diffusivity expected to occur dong grain boundaries in comparison to that through the
lattice. In addition a a grain sSze of 10 nm, the grain boundaries condtitute a substantia fraction of the
materid. This suggests that nanomaterids may have untapped potential for greater hydrogen storage
together with more rapid transport.

A new class of hydrogen separation materias may be possible through the synthesis of bulk amorphous
dloysand nanocrysdline metds. Metdlic dloysin noncrysaline states generdly contain significant “free
volume’ a the atomic scae that may facilitate hydrogen storage and trangport in a controlled fashion.
Studies in the past of these materids have been limited due to metastability of these alloys. However,
stable forms have been demondtrated that enhance their potentia for consideration as proton conductors.
Thus, bulk amorphous dloys condtitute a new and exciting class of metdlic materias with unique physicd
and mechanical properties for functional and structurad uses.

Relevance and Potential | mpact

For the next severa decades, H, will be generated from fossil fuels until clean H, sources can be devel-
oped. Pure H, streams will need to be produced via separation from mixed gas streams containing CO,
CQO,, H,0, hydrocarbons and other gases by separation processes. There is a tremendous need for H,
separation membranesiif the H, infrastructure is to become aredlity. Pure H, is needed for fue cells, to
facilitate H, storage, to recover H, from mixed gas products in the petrochemica industries, and for
upgrading of petroleum productsto fuels. Inthe next severa decades more H,, will be consumed convert-
ing petroleum into fud than any other end use. However, a present there are no viable high-temperature
separation membranes capable of producing pure H, streams. This area of research needs to be rapidly
expanded over the next decade if the H, economy is to become aredlity.

Esimated Time Scale

Improvements in current materids might be accomplished through such studies over the next five years.
However, the evolution of new materia classes for hydrogen conductorsiis likely to require another de-
cade of fundamenta research.
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FUNDAMENTAL COMBUSTION SCIENCE TOWARDS PREDICTIVE
MODELING OF COMBUSTION TECHNOLOGIES

EXECUTIVE SUMMARY

The development of predictive computationa capabilitiesfor combustion devicesisalong-term god of the
DOE that hasyet to beredized dueto the magnitude of the scientific and computationd chalenges presented
by turbulent, chemicaly reacting sysems. Continuing advancesin high-performance computing and laser
diagnostics provide an unparaleled opportunity to advance combustion science, leading to science-based
engineering design methods that will revol utionize the performance of combustion sysems. An integrated
program of basic theoretica, computational, and experimental research is needed bring the fundamenta
understanding of combustion science up to the level needed to provide abasisfor predictive computationa
modelsfor complex combusgtion sysems. This program should involve dosdy coupled research by scientists
at universities and nationa laboratories using terascale computers, state-of-the-art laser diagnostic
capabilities, and web-based tools for data sharing and collaboration. Emphasis should be placed on the
chemica kinetics associated with ignition, combustion, and pollution formation in reditic fuels and on the
physics of the coupling of turbulent fluid dynamics with chemistry. An integrated gpproach is required to
connect the various aspects of fundamenta science needed to address complex combustion systems.

Combustion of foss| fud is centrd to the U.S. economy, accounting for $334 billion in fud costsin 1996
and 85% of annud energy consumption. Combustion of fossl fudsisaso responsiblefor nearly al of the
anthropogenic emissions of nitrogen oxides (NO,), carbon monoxide (CO), soot, aerosols, and other
chemica speciesthat are harmful or are suspected to be harmful to human hedlth and the environment. At
the globd leve, foss| fudswill continue to be the primary source of energy required for economic growth.
|ssues of energy security, globa economic competitiveness, public health, and environmentd integrity will
have aprofound impact on the design and operation of the combustion systemsof thefuture. For example,
radicaly new engine designs are the only hope for meeting the near-zero NO_ and particulate emissions
commitments proposed for implementation by 2012.

The traditiona evolutionary approach to combustion system development, which relies heavily on cut-
and-try engineering to test incremental design changes, is inadequate to meet these chdlenges. A mgor
barrier to rgpid deve opment of radically new combustion technol ogieswith reduced emissonsand improved
efficiency isthe absence of truly predictive computationa tools for combustion systems.  The phenomena
that influence combustion span wideranges of scalesin both timeand space. Consequently, no foreseesble
computationa hardware will be cgpable of running afully resolved and coupled smulation of combustion
inapractica combustion device, which includes detailed chemistry and dl scdes of turbulent fluid motion,
with turnaround timesfast enough for design cdculations. Physically accurate and computationaly efficient
models are needed that are based on fundamenta combustion science and vadidated rigoroudy againgt
detailed experiments. However, there are Sgnificant gaps or uncertaintiesin our knowledge of the relevant
chemicd kingticsand in our fundamenta understanding of the complex dynamic coupling of turbulent flow,
molecular trangport, and chemica reactions. Today’s most advanced turbulent combustion models can
only predict smpleflameswithrdiableaccuracy. Accurate prediction of phenomenasuch assoot formetion,
auto-ignition of turbulent mixtures, locd flame extinction and re-ignition in complex flow geometries, flame
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propagation in heterogeneous mixtures, and stabilization of detached flames will require greater scientific
understanding and further development of combustion models.

Science-based predictive capability for complex combustion systemswill revol utionize the devel opment of
future combustion technologies by moving much of the innovation, design, and optimization process onto
the computer. 1t will facilitate the exploration and devel opment of radicaly new conceptsfor high-efficiency,
low-emisson devices for converson of fossl energy. It will dso greetly reduce the time required for
industry to bring new technologies to market or adapt designs to accommodate specific operationa
requirements, such as fud flexibility.

Summary of Research Direction

The phenomena that influence combustion span a wide range of scaes in space and time. The spdtid
scales extend from the dimensions of molecules, where chemica reactions occur, up to the scale of the
combustion deviceitself. Tempora scalesextend from those associated with the fasted chemica reactions
to the residence time of fluid in the combustor. No foreseegble computational capability will be able to
encompass phenomena over this range of length and time scale within asingle smulation.

A promising strategy to advance fundamental combustion science is to develop a highly integrated effort
that combines detailed scientific smulations with sate-of-the-art experimentation. Experiments and
computations that illuminate the phenomena a each scale are needed to develop computationdly efficient
models of the dominant behaviors at each scale. These models can then serve as the building blocks of
smulations and experiments at successvely larger scaes.

Processes at disparate scdlesare not aseasly partitioned asthis picture suggests, raisng critical fundamental
scientificissues. Theultimate product of such research would beaset of mathematical model s representing
key combustion phenomenaand their interactions. Thesemodescan serveasthebasisof anew engineering
design paradigm that would shift the focus of technology development from dow, costly prototype
condruction and testing to efficient, accurate computational designiteration and testing of proposed hardware
designs.

Ultimately, reaching the goal of a predictive capability for comprehensive, device-scale combustion
smulations will require coordinated research covering the entire range of combugtion length and time
scaes. Specific needsinclude: (1) Theoretical methodsto predict the pressure and temperature-dependent
rates of multistep complex reactions, aswell as detailed measurements of key individua reactionsin order
to verify and vaidate these computationd tools; (2) efficient toolsto generate complete combustion chemicd
mechanisms and toolsfor producing gppropriate reduced mechanisms required for modeling macroscopic
combustion systems; (3) experimental combustion diagnostics for nonintrusive, spatialy and temporaly
resolved measurements of the concentrations and concentration-gradients of multiple species, temperature,
radiation flux, and fluid velocities, typicaly required for benchmarking and validation of combustion
amulaions, and (4) high-fiddity numericd smulations of building-block flows thet reved fundamenta
turbulence-chemidiry interactionsin combustion. These physica and numerical experimentsmust be carried
out a& multiple levels of complexity. In particular, carefully executed benchmarks that are designed to
expose or emphasize therole of particular physical subprocesses are required to assure that our scientific
understanding iscomplete. Also, quantitative computationa dataand experimental measurementsin device
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environments are required to validate the capabilities of device-scde smulations to predict the complex
interplay among the many important physical processes over a parameter space that enables the design of
future combustion technologies. Figure 1-2 shows the necessary range of computations and experiments
required to understand combustion.

The rich nature of the scientific chalenge and its connections to combustion technology are illustrated by
three example problems.

soot formation in combustion systems and its coupling to other phenomena;

the coupling of autoignition kinetics with turbulent mixing, enabling nove control techniques for
homogeneous charge compression ignition (HCCI) combustion; and

extengons of lean-limit combustion via hydrogen fud blending.

Underganding the inception, growth, trangport, and oxidation of soot is vitd to controlling particulate
emissions from diesd automobile engines, and soot radiative properties are centra to heat transfer in
boilersand furnaces. The gas-phase chemistry leading to soot formation involves hundreds of speciesand
thousands of chemical reactions. New theoretical and experimenta tools and techniqueswill be needed to
elucidate the complex soot-formation chemistry. New theoretical methods are needed to rapidly and
accurately predict the pressure and temperature dependent rate constants required to describe the early,
rate-limiting steps of soot formation. Thethermally-driven ordering of theinitidly disordered solid particle
involves too many atoms for fully detailed smulation, so areduced description of atom-atom interactions
will be needed in amulations of this process. The clumping of soot particles to form wispy aggregates

o

__________________ - "
Device Yiilidstion
Expanmienis e \\

o

= Betniled Devee | -
Mbaiely i -
= Ey. G Engrme DiEyioe EHQII'IEH‘-I'\; Mode|s amd I::'PIII‘I'II.l.‘-E'III'.'II'I Taols L.
Gas Tuhee, Bulnr | ",
- R e — rd =
| - Sut-Mods| ¥alidation Dhevsce Buti | —_ "-.I
Exparimonts | e . R

=-a.4. Almmizanan, igniton, Goot
- ]

Chamical Dynamics | J

[ LEB: Bompiex oeametry, , : o : |
High m!.nmm PR Hn.'.'r.:.' .T:: lemce f'uuﬂ:r.n'.rmuuﬁ:r r‘\ ol
E Prediceive Combustion Models
] Turh Iﬂrrl £ m‘ | ] " I — ._.......l.. —
HIDMm ExpaeRne _t | [ wintie apanmans

.

| Mechanistic Expaitemans
sechanism Dul.-ulnpmunl
I.IL-I-Dh'nlnllmn} ==
| Lol i F_lr'unrrn'nu !l! | =g
. I .. -
- |

| P o | 'I\ul:hmllmmmlclm_l |

Figure 1-2. Applications of smulation tools and experimenta capabilities desgned to address combus-
tion science.
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cannot affordably incorporate atomic-sca e processes, but the knowledge gained from finer-scde smulations
will provide adequate surrogate representations. Heterogeneous chemistry experiments will be required
to guide and vaidate model development. New experimenta methodswill be needed to quantify soot and
Soot precursors concentrations and morphology in combustion environments. The key role of soot asan
absorber and emitter of radiation will be addressed computationally in asmulation that keepstrack of the
number and mass density of soot aggregates asthey are transported through acombustor by turbulent fluid
motions. Individud aggregateswill not beresolved at thislevel of smulation. Other soot-related phenomena
that will be studied computationdly include autoignition and flame stabilization in aturbulent jet to determine
theinitia distribution of soot precursors, hest exchange between soot and nearby flames, turbulent mixing
of soot-bearing gas with surrounding air, and oxidative destruction of the soot.

Homogeneous charge compression ignition (HCCI) combustion isan dternative engine combustion process
that can provide high diesd-like efficiencies, while producing ultralow NO and particulate emissons.
Unlike a conventional spark-ignited engine, combustion occurs volumetrically throughout the cylinder as
the chargeis compressed, rather thanin aflamefront. ThispermitsHCCI combustionto occur at relatively
low temperatures, and therefore, dramaticaly reduceNO emissons. Thereareseverd outstanding technical
barriersthat must be overcome before HCCI can bewiddly applied to transportation engines. Fundamental
research isrequired to control ignition timing and to limit the rate of combustion heet release to dlow high-
load operation. Overcoming these challenges requires an improved understanding of the close coupling
between turbulent mixing and loca chemical-kinetic reaction ratesrdaed to autoignition of large hydrocarbon
fuds. Thischemidry isthe same asthe chemistry associated with knock in spark-ignited engines. Turbulent
mixing is thought to play a mgor role in mixture preparation and modulation of ignition kinetics. The
incluson of detailed chemidry in turbulent models is often impractica and methods for producing high-
fiddlity reduced mechanisms must be developed.  Within practical engines, complete charge homogeneity
isunattainable. Animportant research question is how mixing strategies|ead to varying inhomogenetiesin
the charge, and how theseinhomogeneities can be used ultimately to control the heet rel easerate, emissons
and ignition timing.

Ultrarlean premixed hydrocarbon combustion (LPC) is currently one of the most promising concepts for
substantid reduction of emissons while maintaining high efficiency. This mode of combustion is operated
with excessair to reduce the flame temperatureto levelsthat virtudly diminate NO production. Operating
a the lean flammability limit poses significant challenges with flame stability, noise, and system dynamic
responses. Minor fluctuations in the fudl/air ratio, for example, can lead to flame blowout, combustion
ingabilities, autoignition and flashback. Moreover, theintring ¢ problems described above are compounded
at high pressures. Understanding and controlling these phenomenais extremely important for the design of
LPC dationary gas turbines and burners. Recently, hydrogen-enriched hydrocarbon fuds are being
consdered to improve flame stability characteristics during lean combustion.  Hydrogen-enriched fuels
modify both the flame structure and propagation aspects. Fundamental research is needed to characterize
the behavior of combustion of enriched fuds. Inaddition to potentia operationd advantages, the devel opment
of hydrogen and hydrogen-blended hydrocarbon fuels for gas turbine applications will boost the use of
dternative fues. In the long term, these “designer * fudswill serve in the trangtion to a carbon-free fue

economy.

Such chdlengeswill requiremultidisciplinary teams of computationd and experimentd physastisand chemids
with access to terascale computer systems, state-of-the-art numerica agorithms, the latest advancesin
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compuitational science, and advanced optica diagnosticsin modern experimentd facilities. Significant new
efforts are needed to describe heterogeneous processes, such as soot growth, and the effects of high
pressure, for examplein HCCI and LPC devices.

New Scientific Opportunities

Terascd e computer systems and advanced experimenta capabilitiesfor combustion science offer unprec-
edented opportunities of synergigtic, high-fiddity investigation of combustion phenomena. Direct Numeri-
cd Smulation (DNS) and high-fiddlity Large Eddy Smulation (LES) methods are on the verge of becom-
ing toolsfor fundamenta investigation of the fully coupled dynamic behavior of reacting flowswith detailed
chemidry and redigtic levels of turbulence. Information from such smulations, combined with detailed
|aser-based experiments on well-defined benchmark flames, present new opportunities to understand the
central physics of flow/flame interaction and develop accurate, physics-based models for turbulent com-
bustion.

Relevance and Potential Impact

Combustion of foss| fuelsis the dominant mode of energy converson, both nationdly and globdly, and it
will remain dominant for decades. The truly predictive computationa tools needed to effectively develop
new combustion technologies with higher efficiency and lower emissons do not exist today. A focused
BES effort dedicated to solving rdevant combustion science problems will engble, for the firgt time, high-
fiddity, fully predictive smulation of the next generation of combugtion devices. Predictive capability will
revolutionize the development process for advanced combustion technologies for transportation, power
generation, and industria processes, and it will greatly accelerate the globa implementation of high-€ffi-
ciency, low-emisson systems. Fundamental advancesin the science and modeling of chemically reacting
flows will aso have significant impact in chemica process engineering and amospheric science.

Estiimated Time Scale

The development of predictive smulation capability, which is gpplicable to a broad range of combustion
problems, is a long-term god. Substantid progress in the development of predictive modds for the
coupling of turbulence and chemistry in complex combustion systems can be expected within the next 5-10
years under the proposed program. Extension to prediction of complex phenomena, such as autoignition
in turbulent heterogeneous mixtures or soot formation in combustion systems, islikely to require sustained
effort over a10-20 year period.
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MATERIALSDEGRADATION

EXECUTIVE SUMMARY

Future nuclear energy systemswill need to provide (1) managesble nuclear waste, effective fud utilization,
and increased environmenta benefits, (2) competitive economics, (3) recognized safety performance, and
(4) secure nuclear energy systems and nuclear materids. Steady-state coolant temperatures in proposed
next-generation reactor concepts range from 370°C to 1000°C, with projected accident trangents that
could reach temperaturesto 1800°C for ashort duration. These concepts involve exatic coolants such as
lead-bismuth, lead, molten salt, or supercritica water. They must dso perform satisfactorily while being
subject to neutron damage levels greater than those experienced in any materid developed for nuclear
gystemsuseto date. These expectations are unprecedented in nuclear energy or any other application and
will require the development of a significant fundamentd level of knowledge to successfully guide system
development. In addition, information on materias performance in harsh nuclear environmentsis required
to enable predictive modding of materid behavior in nuclear waste packages and other nuclear energy
systems, such as accd erator-driven nuclear fisson and transmutation. Opportunitiesfor radica advances
in fundamenta understanding of the multiscale mechanisms and processes governing materias degradation
are becoming possible through new and emerging advanced scientific facilities and high-performance par-
dld computing plaiforms. Integration of novel in Stu experiments with theoretical/computationd efforts
providethe possibility to develop fundamenta understanding of degradation mechanismsand kineticsover
multiple scales, from atomistic to micron and nanosecond to minutes.

Thereisinsufficient fundamental understanding of radiation effects on materialsin nuclear reactor compo-
nentsto reliably predict component properties and thus mitigate service failures. The degradation of core
components, including component welds and joints, and cladding in current and future nuclear reactor
designs can lead to falures a high levels of neutron irradiation in the reactor coolant environment. The
coolant chemidtries (e.g., water, supercritica water, liquid metals) can become more aggressivein crevice
gtuations, where component failures are often observed. Since cracking susceptibility requires a combi-

nation of radiation, stress and a corrosive environment, the failure mechanism has been termed irradiation-

assisted stress-corrosion cracking (IASCC) for water coolants, but smilar processes may occur in other
coolant environments. Because testing of irradiated materiasis difficult and expengive, itishighly unlikey
that apurely empirical approach will provide an adequate understanding of corrosion processes. Much of
thisissueistied to the co-evolution of equilibrium and non-equilibrium nanostructures and nanochemidtries.

Research related to improved storage of spent nuclear fuels is another area of opportunity because there
have been very few scientific studies on the behavior of nuclear waste packages. Qudlification of new
materids for nuclear waste packages needs to be scientificaly based. Thisis critica in the absence of
sufficient testing capabilities. Opportunitiesexist for mgor advancesin thisareathrough new and emerging
in-stu experimenta and diagnogtic capabilities and pardle computationa platforms. The properties of the
gpent nuclear fuel, other solid nuclear waste forms, the storage canigter, and the drip shield may degradein
the presence of water, oxidizing environment, and radiation-induced chemistry changes (e.g., radiolysis,
radioactive decay products). The fud or waste forms are aso subject to self-radiation-induced degrada-
tion from the decay of the radionuclides. This corrosion and radiation damage must be understood well
enough that extrapol ations of waste package behavior can be made confidently over periodsof at least ten
thousand years.
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Summary of Research Direction

Advancing the fundamental mechanigtic understanding of radiation-induced materias degradation to en-
able the predictive modeling of materids performance in the hogtile environments (extremes of radiation
fidld, temperature, stress, therma/mechanica cycling, corrosive coolants, and oxidizing environments)
associated with nuclear waste packages, nuclear reactors, and other nuclear energy systems.

New Scientific Opportunities

The DOE s Office of Nuclear Energy, Science, and Technology (NE), in conjunction with theten countries
that compose the Generation-1V Internationd Forum (GIF), has been investigating nuclear reactor con-
ceptsthat will be safer, more environmentally benign, longer operating, better performing and economically
superior to current designs. The evauation has included radioactive waste containment systems with the
god of generdly optimizing the entire nuclear fud cycle. This group has recently sdected sx nuclear
reactor concepts for further R&D. The concepts are the Supercritical Water-Cooled Reactor (SCWR),
the Very High Temperature (gas-cooled) Reactor (VHTR), the Gas-cooled Fast Reactor (GFR), the
Lead-cooled Fast Reactor (LFR), the Sodium-cooled Fast Reactor (SFR), and the Molten Salt Reactor
(MSR). The GIF expects the development of these concepts to occur over a20-30 year time frame. A
key to the success of dl sx conceptsisimproved structural materias to optimize economic performance
and minimize the environmenta impact of discharged waste.

There have been continued, but limited, studies of degradation of metal aloys for nuclear reactor compo-

nents. The mgjor scientific chalenge in this areais the co-evolution of al microstructure components and
their role in macroscopic materid response such as swelling, anisotropic growth, irrediation creep, and
radiation-induced phase transformations. Under irradiation the evolution of the microstructure is deter-

mined by the dynamic and kinetic response of acomplex materids system when driven far from thermody-

namic equilibrium. The detailed kinetic processes are both deterministic and stochastic, are coupled, and
may evolve into new kinetic processes as the microstructure and phase transformation of the system
evolves. The framework for this new era of radiation effects research should be the science of complex
gysems. While this emerging fidd is dill in its definition phase, the needed understanding for radiation
effects in solids provides a well-defined problem. It may, in fact, serve as a prime example or mode of a
complex system evolving in response to the continuous flow of energy that maintains the system in various
gates of non-equilibrium.

There is insufficient fundamenta understanding of radiation effects on the chemica behavior of nuclear
reactor componentsto reliably predict component properties and thus mitigate service fallures. The deg-
radation of core components, including component welds and joints, and cladding in current and future
nuclear reactor designs can lead to failures a high levels of neutron irradiation in the reactor coolant
environment. The coolant chemidiries can become more aggressive in crevice Stuations, where compo-
nent failures are often observed. Since cracking susceptibility requires a combination of radiation, stress
and a corrogive environment, the failure mechanism has been termed IASCC. Because testing of irradi-
ated materidsisdifficult and expensve, it ishighly unlikely that apurdly empirica goproach will providean
adequate undergtanding of IASCC behavior. Much of thisissueistied to the co-evolution of equilibrium
and non-equilibrium nanostructures and nanochemidtries. Fundamental understanding of IASCC requires
mechanigtic research and novel approaches to examine reaction thermodynamics and kinetics at surfaces
and crack tips. New results show crack-tip openings on the order of nanometers and corros on/oxidation
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fronts progressing with solution access through nanometer-size pores. Solution migration, eectrochemis-
try and reaction phase stabilities need to be understood in the congtrained dimensions and related to
mechanisms controlling the propageation of environmenta degradetion. Mechanistic understanding of grain-
boundary characterigtics that control susceptibility of dloys to IASCC remain dusive. Degradation of
welds and joints in nuclear components can lead to catastrophic failures, yet there is a critical lack of
mechanigtic understanding regarding weld microstructures and microchemidries. While there has been
some progressin understanding these phenomenafor water coolants, the behavior in supercritica water or
other coolantsis largely unknown. Much lessis known regarding environmenta degradation in high-tem-
perature reactor systems, where refractory materias, including composites and ceramics, may be em-
ployed with gas coolants.

Ceramics are often more robust in durability and corrosion resistance, which iswhy they have often been
proposed for theimmobilization of actinidesand other partition radionuclides. While ceramic nuclear fuds
are currently used in nuclear reactors, future reactors could employ more ceramic composite components,
such asin cladding and coatingsfor nuclear fud. Advanced computationa methods are required to under-
gand, smulate and modd the fundamenta mechanisms that control the dynamics of radiation effects,
diffuson and microgtructure evolution in oxide ceramics, aswell asa ceramic-ceramic interfaces, inradia-
tion environments over broad ranges of temperatures. In oxide materids, both eectronic excitation and
eladtic collison processes must be rigoroudy considered, unlike metas and semiconductors where eec-
tronic excitations play alesser role. Thecritica problem isthat the methodol ogiesto perform accurate and
reliable computations of radiation-damage processesin oxide ceramics over atomic to macroscopic scaes
arenot currently available within the U.S. or elsewhere. The god should be to establish a suite of compu-

tational methodsthat can perform modeling of oxide ceramics from the atomic to macroscopic scesona
level equivaent to or exceeding that performed today on metals and semiconductors. Thisgod iscompli-

cated by the mixed bonding character (ionic and covaent) and long-lived eectronic excitations that are
present in oxide ceramics. Achieving this god requires development of novel smulation methods, poten-

tidsfor complex sysems, methods to handle complex potentidsin paralel computing environments, and
integration of eectronic coordinates into potentid models to implement charge-transfer and eectronic
excitations within large-scale ionic molecular dynamics (MD) smulations.

The nuclear waste packages for permanent disposition in the oxidizing environment of Y ucca Mountain
repository in Nevada are currently envisioned as conssting of spent nuclear fudl assemblies (or other solid
nuclear waste forms proposed for future fuel cycles) that are contained in meta canisters that may be
capped with adrip shiedd when findly emplaced in the repository. The properties of the spent nuclear fud,
other solid nuclear waste forms, the canister, and the drip shield may degrade in the presence of water,
oxidizing environment, and radiation-induced chemistry changes (e.g., radiolysis, radioactive decay prod-
ucts). The spent nuclear fuel or solid nuclear waste forms are aso subject to self-radiation-induced
degradation from apha and beta decay of the radionuclides. The environmental degradation due to cor-
rosion and radiation damage must be understood well enough that extrapolations of waste package behav-
ior can be made confidently over periods of at least 10,000 years. Public acceptance of nuclear power as
an important energy source depends on devel oping acceptable solutionsto the back end of the nuclear fuel
cycde Scientifically based and carefully engineered solutions are more likely to gain public acceptance.

Many previous models of nuclear fuds and component behavior in current reactors have been semi-
empirical in nature and based on large and often incompl ete databases. Predicting the performance of new
materias for advanced reactor environments and nuclear waste packages in repositories is beyond the
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capability of current models and databases. Opportunities exist for coupling experimentd efforts and
multiscale computational approachesto devel op new materials and predictive performance modds. Redl-
izing this vison requires alarge number of fundamenta studies, including investigations of

the therma and radiation stability of nanometer oxide disperson strengthened dloys,

the didocation interactions and strengthening mechanisms of radiation generated ob-
dtacles (voids, stacking fault tetrahedra, didocation loops, etc.) and oxide preci pitates
that control pladticity;

the controlling mechanisms of thermd and irradiation creep, creep cavitation and fail-
ure;

the limited uniform ductility and flow locdization at intermediate to low temperatures,

the ability of nuclear waste packages to achieve long term (centuries) stability; and

other dimensiond effects such as swelling, phase transformations, and amorphization.
Other needs include:

development of multiscale computationa approaches,

development of new radiation-tolerant materids (e.g., functiondly graded, multilayer
structures, composites, tailored nanostructures);

development of a fundamenta understanding of intergranular cracking in irradiated
components; and

multiscde modding of the complex microgtructurd development of dloys and the
relationship of these highly non-equilibrium changes to mechanica, dimensond stabil-
ity, and corrosion properties.

Relevance and Potential | mpact

Although radiation-induced materias degradation is not a new topic, opportunities for revolutionary ad-
vances in fundamental understanding of the mechaniams governing materials degradation over multiple
length and tempord scades are becoming possible through new and emerging advanced scientific facilities
and high-performance parale-computing platforms. Nove in-stu experiments in redigtic environments
can be closdly integrated with theoretica/computationd effortsto develop afundamentd understanding of
degradation mechanisms and kinetics over multiple scales from atomigtic to micron and nanosecond to
minutes. Such advancesin thisareawill provide the underpinning science that will enable licensing nuclear
waste packages for emplacement in the Y ucca M ountain repository and the development and qudification
of new materiasfor use within Generation-IV nuclear reactors and other nuclear energy systems, such as
accd erator-driven nudlear fisson and transmutation. In addition, the tools and methods developed in this
effort will have asignificant impact in the broader field of materials science.

Esimated Time Scale

Anticipated research program duration is 10-20 years.
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ADVANCED ACTINIDE AND FISSION PRODUCT SEPARATIONS
AND EXTRACTION

EXECUTIVE SUMMARY

Splitting atoms supplies energy to the nation from auranium isotope that isless than 1% abundant in natural
uranium. Ensuring an adequate long-term supply of fissle materid is essentid to maintaining or increasing
electric energy generation using nuclear power reectors. At present world consumption rates, known
uranium resources should last for about 65 yearswithout recycling of spent reactor fuel. It isestimated that
asyet undiscovered, but recoverable, uranium resources are at least four times larger than known uranium
resources. Vadly larger amounts of uranium are present in seawater, athough is not currently economicaly
practica to recover such uranium. Energy production using nuclear fission has used two concepts for the
final end point: (1) the “once-through” fud cycdle, in which spent nuclear fue is planned to go directly to a
repository, and (2) the “closed fud cycle,” in which the spent nuclear fud is reprocessed, with the sepa
rated uranium and plutonium going back for usein further fue and the fisson products planned togo to a

repogtory.

Generation-1V reactor concepts are being designed to include reprocessing in order to extract a greater
fraction of the energy content of natural uranium and thorium than is achieved currently. Thorium is more
abundant in nature than is uranium and, like natura uranium, upon neutron bombardment is converted into
fisslematerid that fissonsto adegree asit buildsup. By absorbing neutrons, the resulting fisson products
reduce the efficiency with which new fissle materid is crested. For this reason, actinide and fission
product separation processing with recycling of thefissleisotopesto reactor fud isbeing examined for full
utilization of the energy content of present actinide resources aswell asto minimizethe volume of produced
waste products. The present roadmap for advanced nuclear fud cycles suggests that molten sat media
may play animportant rolein thefuture. Improving separaions efficiency isaviability issuefor such media
and should be addressed in basic research on the fundamenta chemistry of thorium, uranium, selected
transuranic eements, and sdt-forming fisson products in molten sdt media Studies under unusud or
extreme oxidation and reduction conditions are needed a so because littleinformationis presently available
under these conditions that may be encountered during a process upset or an accident scenario.

Achieving “green chemigry” isagod worth establishing in sgparation processing of actinides and fisson
products. Theterm “green chemidiry” isdefined by the U.S. Environmenta Protection Agency, in part, as
the promoation of innovative chemica technologies that minimize the use of hazardous substances in the
manufacture of chemical products. One step toward that god isthe replacement of presently used organic
solvents with less hazardous liquids such as room-temperature ionic liquids (RTIL's). The timeframe for
maximum impact of fundamenta studieson RTIL’sand molten sdt mediato be used is 10-20 years, when
the results of such investigations must be factored into plant design decisons.

Innovative methods for recovery of uranium from seawater should be investigated if sgnificant improve-
ment over exigting recovery techniques seems achievable. Deliberately designed ligands, perhaps ana
logues of the very specific ion channds of biologicd membranes or carbon nanotubes of appropriate
radius whose specificity has been enhanced by modification of their interior surface or gppropriate deco-
ration of their entrances and exits with specific ion attracting functiondities, provide promising avenuesto
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achieve the required breskthroughs. Economic recovery of uranium from seawater islikely to be anissue
in about 50 years.

Proposed Resear ch Direction

Create the fundamental research basis for advanced actinide and fisson product separation and novel
extraction processes that are essentia to ensure sufficient fissile materid stocks, reduce codts, achieve
proliferation resstance, and minimize environmental impacts and waste repogtory requirements in the
nuclear fud cyde.

New Scientific Opportunities

Ensuring an adequate long-term supply of fissle materid for the nuclear fuel cydeisessentia to maintaining
or increasing the energy supplied to the nation by nuclear fisson. About 0.7% of natura uranium is the
fissleisotope U-235. Uranium is about as abundant on earth asare zinc or tin and isfound at trace levels
in most rocks and soils. Uranium is present in seawater to about 3 parts per billion. At present world
consumption rates, the International Symposium on the Uranium Production Cycle and the Environment,
held October 2-6, 2000 at the International Atomic Energy Agency (IAEA) in Vienna, concluded that the
known uranium resources of 4 million tons (Mt) should last for about 65 years without recycling of spent
nuclear reactor fuel. In addition, there are estimates of as yet undiscovered uranium resources of about 16
Mt in ore bodies, dthough recovery of that uraniumislikdy to bedifficult. By some estimates, recovery of
uranium from seawater using present technology would become economical if the price of uranium rose
ten-fold.

Generation-1V reactor concepts provide opportunities both for reducing the radiotoxicity of non-fissle
isotopes in presently stored spent reactor fuel and for creating new fissile isotopes. Recycling fissle
isotopes provides a means of extracting a greeter fraction of the energy content of natural uranium and
thorium than is achieved in the current “ once through” nuclear fud cycle. Natura thorium is considered to
be a“fertilefeedstock,” meaning that its neutronirradiation resultsin the formation of fissleisotope U-233.
Thorium is even more abundant in nature than is uranium, and generdly thorium is less soluble in ground
water or seawater dueto its preferencefor thetetravalent state. If fissileisotopesare produced by neutron
bombardment of natural or depleted uranium or natura thorium targets in nuclear resctors or in acceera
tor-based subcritica assemblies, utilization of nearly the full energy content of present uranium or thorium
resources can be achieved. Irradiating such targets creates fissle isotopes that, as they build up, dso
fisson to adegree. Such fisson releases useful energy but dso creates fisson products, some of which
strongly absorb neutrons. To achieve optimum neutron economy, actinide and fisson product separation
processing with recycling of the actinidesto targets or reactor fud is essentid to maximize utilization of the
energy content of present fissile and fertile actinide resources.

Some exigting actinide processing is carried out in molten sdt media, such the LiCl-KCl eutectic. The
present roadmap of advanced fuel-cycle concepts suggests that molten salt mediamay play asgnificantly
more important role in future actinide and fission product separation techniques due to the rediation ress-
tance of such media. The fundamenta chemigtry of thorium, uranium, sdlected transuranic eements, and
sdt-forming fisson products should be investigated in molten salt media because improving separations
efficiency isaviability issue for such media. Investigations under unusud or extreme chemica oxidation
and reduction conditions are necessary because little information is presently available on molten sat
separations processes under these conditions. Examples of such conditions include molten sdt that con-
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tains high concentrations of dementd lithium or a transuranic dement in metdlic form, molten st that is
being sparged with chlorine gas, and molten sdt exposed to nitrogen, oxygen, water vapor, or carbon
dioxide (i.e, the potentialy reactive condtituents of atmaspheric air), as might occur in an accident sce-
nario. Thetimeframe for maximum impact of fundamenta studies on molten sat separations processing is
10-20 years when the results of such investigations must be factored into plant design decisions.

Green chemidlry is defined by the U.S. Environmenta Protection Agency (EPA) as the promotion of
innovative chemica technologiesthat reduce or eiminate the use or generation of hazardous substancesin
the design, manufacture, and use of chemica products. One highly promising gpproach to achieving
“green chemidtry” in separation processing of actinides and fisson productsis the replacement of organic
solvents with less hazardous liquids. Certain mixtures of organic cations, such as methyl imidazolium de-
rivatives, and charge-balancing inorganic anions of low complexing ability, such as triflates or
hexafluorophosphate, form liquid phases at ambient temperature that are termed room temperature ionic
liquids (RTIL’s) (eg., see Figure 2-1). Only aminuscule fraction of compoundswith potentid to form such
liquid phases have been invedtigated for their ability to form RTIL’ swith ussful properties.

+
Re_ A~ _CHs Figure 2-1. Generic structure of the room temperature
N . ionic liquid akylmethylimidazolium hexafluorophosphete,
— PF¢  whereR isanakyl group.

Because the condtituents of these RTIL’s are ions, no volatile organic carbon (VOC) is released during
their use. The plutonium uranium extraction (PUREX) process used in most present aqueous-based
separaions processing of spent nuclear fud rdies on solvent extraction processing. In PUREX, some
metal ions are extracted from an aqueous solution of nitric acid into an organic phase that is a mixture of
akane hydrocarbons (kerosene) and tributyl phosphate.  The PUREX process emits both VOC's and
nitrogen oxides. A smplified verson of PUREX, termed the UREX process, is the reference head end
aqueous separations process for some Generation-1V nuclear reactor cycles. UREX dsowill emit VOC's
and nitrogen oxides. Although direct substitution of an RTIL for kerosenein PUREX or UREX processing
is unlikely to be productive, novel extractant molecules, especidly designed for use in an RTIL, hold
ggnificant promise for achieving superior performance. Some known RTIL’s have liquid ranges that ex-
ceed 300°C. Somearemisciblewith water or supercritica fluid (SCF) carbon dioxide; others are water-
or SCF carbon dioxide-immiscible. A few RTIL’shave exceptiondly large eectrochemica potentid win-
dows, with one having been shown recently to alow dectrodepostion of uranium meta. For thisreason,
selected RTIL’ sshould be investigated as potentia replacementsfor high-temperature molten sdtsthat are
the basisfor present pyrochemical and electrometallurgica processing of actinides. Theradiolytic stability
of RTIL'sisan areathat dearly merits early investigation. The timeframe for maximum impact of funda:
mental sudieson RTIL’sis10-20 years, when the results of such investigations must be factored into plant
design decisons.

Given the amount of uranium in seawater, the development of innovative methods for itsisolation presents
amgor chalenge. Ddliberate design of ligands, using approaches that combine molecular mechanics mod-
eling with experimenta veification, is a promisng avenue for identifying extraction agents cgpable of
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achieving the required breakthroughs. For this purpose, one can envision such molecules attached to solid
supports to facilitate extraction and ease of separation from solution by filtration to provide the desired
elements, such asuranium, in essentiadly pure form, when starting from highly dilute solutions. Utilization of
gynthetic analogues of the very specific ion channds of biologica membranes (sodium versus potassum,
for example), in which the analogues are embedded in artificid membranes, is afurther promising area of
investigation. The resulting channels might be stacked complexes of host molecules or be carbon nanotubes
S0 congtructed as to have aradius gppropriate to the specific trand ocation across the membrane of par-
ticular hydrated ions. Such specificity might be enhanced by modification of theinterior lining of the carbon
nanotubes or by appropriate decoration of their entrances and exits to facilitate specific trandocations.

In adevice usng biologica membranes, a very dilute solution containing a mixture of meta ions, such as
seawater, would pass through a network of these membranes with one type of pore in each region of the
gpparatus, that region would then specifically collect aparticular ionic species. Such an gpparatus could be
used to sdlectively collect uranium, for example. The economic viability of this approach could be en-

hanced by concurrent ability to isolate other valuable dements and produce desdinated water. At the other
end of the nuclear fud cycle, such adevice could be employed to separate most components of dissolved
spent reactor fud (eg., a mixture of actinides and fisson products) thereby recycling unspent fuel and
concentrating the most noxious by-products. These proposals have significant precedence in the natura
world (ion channdlsin neurons or the loops of Henle of the human kidney, for example). Economic recov-

ery of uranium from seawater is likely to be an issue in about 50 years.

Relevance and Potential | mpact

The separations and extraction concepts outlined above provide challenging areasfor creative fundamen-
ta research to generate the scientific knowledge base for cresting applications that have immense signifi-
cance to the production of energy by nudear fisson and the efficient, environmentdly-friendly, handling
and minimization of resultant waste products. Improving the closed fud cyde requires efficient and effec-
tive recycle of actinides, such as uranium, and significant reduction of waste destined for geologic repos-
tories. Novel separations and extraction methods are essential to meet the possble future needs of the
closed nuclear fud cycle, but they must overcomethe current formidable obstacle of not being economicdl.
The complex nature of mixtures of actinides and fisson products and resulting radiolysis render profoundly
challenging the development of such separation and extraction methods for the nuclear fue cycle.

Estimated Time Scale

Two timescaes are relevant to this research effort: 10-20 years for separation-related studies (to impact
plant design decisons) and 50 years for extraction processes that achieve economic recovery of uranium
from seaweter.
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FUELS RESEARCH

EXECUTIVE SUMMARY

In order to play their essentid role in meeting future energy needs, advanced nuclear energy systems will
need to provide: (1) manageegble levels of nuclear waste, effective fud utilization, and increased environ-
mental benefits, (2) competitive economics, (3) recognized safety performance, and (4) proliferation-
resistant nuclear energy systemsand nuclear materias. The DOE’'sNE representsthe U.S. and hasalead
rolein the Generation-1V International Forum (GIF), agroup of ten countriesworking together to develop
nuclear energy systems that make improvementsin each of these four areas. The Generation-1V program
is designed to develop reactors that meet these criteria and could be deployed by 2030. The GIF has
recently selected six conceptsfor further R&D. The concepts are the Supercritical Water-Cooled Reac-
tor (SCWR), the Very High Temperature (gas-cooled) Reactor (VHTR), the Gas-cooled Fast Reactor
(GFR), the Lead-cooled Fast Reactor (LFR), the Sodium-cooled Fast Reactor (SFR), and the Molten
SAt Reactor (MSR).

The GIF has completed an R& D Roadmap that describes the key viability and performance issuesfor the
development of the Six reactor concepts. Advances in fuel performance, including fuds that recycle ac-
tinides, have been identified as criticd to the success of each. These fuds must achieve long lifetime while
operating at high temperature. Additiondly, as part of another NE program, the Advanced Fud Cycle
Initiative (AFCI), the DOE is investigating accelerator-based options for transmuting long-lived nuclear
wade. These accelerator-based systems will investigate “inert matrix” fuds that do not use uranium and
therefore maximize the overal burn rate of long-lived actinides. Because the success of nove fud typesis
key to the success of these systems, devel oping amechanistic understanding of their propertiesis critical.

The advanced nuclear energy system initiatives require the development of non-traditiona fud types (in-
cluding nitride, metdlic, disperson, and inert matrix), the incorporation of large quantities of plutonium and
higher actinides, and the incluson of embedded isotopicaly-tailored neutron absorbers (burnable poi-
sons). Additiondly, each of these fud cycle advances must be accomplished in away that maintains an
inherent proliferation resistance within the complete nuclear fuel cycle. These requirements motivate the
need for fundamenta understanding of the chemigtry of eements in nuclear fuds, the thermodynamic
gability in oxidizing and reducing environments, the physical properties (eg., density, microstructure and
therma conductivity); the processing techniques for the fabrication of fuels containing actinides, plutonium
and burnable poisons; and the response to radiation.

Proposed Resear ch Direction

Provide a fundamental understanding of the chemistry, physical properties, and processing in proposed
novel fuel forms and compostions, including nitride, metdlic, digperson, and inert matrix (non-fertile)
fuds

New Scientific Opportunities

The mgority of fuesused in current nuclear energy systems were devel oped during the 1950s through the
1970s. Since then many sgnificant advances in the tools for analyzing materia properties have been
developed. In studying the fuelsfor these advanced systems, critica Basic Energy Science analytical tools
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such as synchrotron light sources, advanced e ectron microscopes, advanced neutron scattering centers,
and facilitiesfor conducting advanced computation need to be gpplied to ensure the best scientifictoolsare
used to identify fundamental mechanisms of degradation.

Ingenera, along-term program to devel op fuelstor deployment entails at |east the following four activities:

fabrication process development,

property measurement and assessment,
irradiation testing and safety demondtration, and
modeling and predictive code devel opment.

Each of these activities must be conducted while remembering the requirement that any new fuels devel-
oped must be compatible with the associated recycle process. Current reactor fuels are primarily oxides,
whilefor the Generation-IV systems, nove fue types such asnitride, metal and dispersion fuels have been
proposed. For accelerator-based transmutation systems and some reactor systems, inert matrix (non-
fertile) fueshave been proposed. For dl of these fuels, much fundamenta understandingislacking. A key
fundamenta scientific objectiveisto establish the bassfor understanding and predicting fuel behavior (i.e,
changes in dengity, melting point, therma conductivity, tendle strength, corrosion resstance) under the
temperatures, stresses, and radiation fields in the reactor.

Potentid research topicsinclude:

behavior of nove fud forms exposed to harsh environments (high temperature, high levels of
radiation, and gress). These fues include nitride fudls, metdlic fuels, disperson fud, and non-
fertile (inert matrix) fuds

for fuds made from reprocessed materids, the influence of recycled products on fue behavior,
including radiation response; and

multiscale modding of fud thermomechanicd behavior.

Generation-1V gods and the transmutation objectives for the AFCI program will present challenging per-
formancerequirementsfor new fud types. Therefore, improving and optimizing performance potentia will
require a sound understanding of the mechaniams that impact fud behavior and, ultimatdy, fud lifetime.
Such understanding is typicaly attained through development of mechanistic models for key phenomena
and demongtrated through incorporation of those models into validated fuel performance codes. How-
ever, establishing mechanistic modds requires knowledge of fundamenta thermophysicd, physicd, and
mechanica properties. These properties will influence important phenomena such asfisson gas retention
and release, fud swelling, irradiation growth, fuel cladding chemica and mechanica interactions, and tran-
sgent response. In the past, many fuel development programs were limited to empirica approaches that
did not have the benefit of knowledge of those properties (although such information was often obtained
with continued research on the well-established fuel designs). However, the chalenges for the current
programs require a coordinated effort to determine key properties for the fue types (i.e., forms and
compaositions) as an important contribution to the fuel devel opment process.

Inert matrix fuels do not contain fertile materias (materids that breed additiond fissle condtituents), such
as uranium-238 or thorium-232, which dlow a maximum burn rate of higher actinides. Inert matrix fuels
aretypicaly proposed as multiphase materids conssting of yitriastabilized zirconia (Y SZ) or magnesum
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soind (MgALO,), which are chemicaly and thermodynamically stable and insoluble in nitric acids. Inert
matrix fudsmay requiretheinclusion of burnable poisonsto improvethereactivity coefficient profile during
its lifetime. Fundamenta understanding of the thermodynamic stability, fud performance (response to
irradiation), and fission gas release are needed.

Modeling of fue performance is criticd to predicting operationd lifetimes. On a fundamenta levd, this
includes obtaining critica materid parametersfrom firg principles calculations. These parameters can then
be used in higher-level models such as molecular dynamics, Monte Carlo, and rate theory to describe
events that have both short and long time scales and smdl and large distance scaes. The development of
these multi-sca e computationa methods will be critica to obtaining the predictive capability that is needed
to extrapolate beyond the available experimenta data.

The overdl impact of advanced, aternate fuels on arepostory program isnot clear, and the economics of
transmutation and recycling are current obstacles to their use. However, actinide recycle incorporating a
fast-gpectrum reactor has been identified as a means to manage the disposition of transuranic isotopes,
which have long hdf-lives and dominate the caculated long-term dose associated with releases from
repogitories such as Yucca Mountain in the U.S. The fast-spectrum Generation-1V concepts are to be
designed to accommodate minor actinidesin fue or in specid targets. An understanding of minor actinide-

bearing fud materids is not well established. Therefore, key properties, such as thermd conductivity,

enthalpy, and melting temperatures must be determined and understood. Other intrinsic characteristics,
such as interdiffuson of fud condituents under temperature gradients and interdiffuson with cladding
congtituents, must also be understood. The addition of the minor actinides adds anew level of complexity
to fuel performance beyond that of “fresh” fuels.

Relevance and Potential | mpact

The program of research outlined would produce abroad spectrum of resultsdirectly relevant to the DOE
NE Generation-1V and AFCI programs. Development of computational tools and methods would be of
bendfit to the larger materiads science community.

Estimated Time Scale
This program is expected to require 10-20 years of research.
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FUNDAMENTAL RESEARCH IN HEAT TRANSFER AND FLUID FLOW

EXECUTIVE SUMMARY

Thetrander of heat and the flow of fluids are fundamenta to understanding and predicting the design of al
typesof advanced devicesranging from heavy-vehicle enginesto computer chipsand nuclear reactors. All
forms of energy converson systems, both present and future, require higher temperatures to achieve
greater efficiencies. A better fundamenta understanding of the processesinvolved isacritica requirement
for the achievement of higher performance and assured licenang. A complete comprehension of the
mechanigtic phenomena related to multiphase fluid flow and heet transfer is lacking and to date relies on
empiricaly derived correlations to predict the nature of these phenomena. New hegt-trandfer materids
involving nanastructures provide exciting opportunities to extend the properties and gpplications of these
materids. Whileeffortsare on-going in these areas, considerableimpact can be obtained over the next 15
years as measurement techniques and computationa capabilities both rapidly expand.

Summary of Resear ch Direction

Continued progress on afundamenta understanding of the physics of hegt-transfer and fluid-flow issuesis
of great importance to many different future energy conversion and delivery technologies including trans-
portation, eectricity production, and many others. This crosscutting fundamenta research direction is of
criticad importance because a better understanding of the basic features on a molecular level may alow
future systems designers to greetly extend new materials and processes to optimize their performance. It
isof particular importance to nuclear energy technologies, especidly with the development of Generation-
IV concepts during the next two decades, that afundamental understanding of heet transfer under varying
conditions be devel oped in order to reduce the uncertai nties associ ated with the performance and safety of
these advanced reactor concepts. Both design performance and licensing issues are driven and deter-
mined by the accuracy and uncertainties associated with the analyss of heet transfer and fluid flows in
nuclear systems.

Generation-IV reactor concepts include numerous heat-transfer and fluid-flow challenges due to the se-
lection of coolant materids for these systems.  Coolants chosen for Generation-IV technologies include
liquid metas (lead, sodium, and lead-bismuth eutectics), gases (helium and carbon dioxide) and supercritica
water. An advanced understanding of heet transfer and fluid flow that includes afundamenta understand-
ing, evento the point of eiminating the use of corrdationsfor heat transfer and fluid flow analysis, would be
very beneficid.

Traditiondly, fluid flow and heat trandfer in engineering systems are moddled using empiricdly derived
corrdations tha are often only reliably applied for prescribed conditions and materias. This expedient
method allows accurate and currently acceptable results, but as the next generation reactor designs move
forward these andyses would be sgnificantly improved by abetter fundamenta understanding of thebasic
physics and science & amolecular and atomistic level. Recent and expected future accelerationsin com-
puting capabilities can be utilized to probe the fundamental mechaniams relaed to molecular interactions
between fluidsand solid materids. Better instrumentation and measurement techniques can be desgned to
collect more detailed information with respect to heat-transfer and fluid-flow propertiesto provide better
data for these expanded computer codes.
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New Scientific Opportunities

To diminate use of engineering correlations, it is necessary to develop afirg principles understanding of
multiphase heat-trandfer and fluid-flow mechanisms, including the behavior of fluids such as supercritica
water, lead and lead-alloys, and molten sdts. In addition, thereisthe need to develop an understanding of
fluids with dispersed particles (i.e., nanofluid suspensions).

There are anumber of recent advances in multiphase fluid flow and heet transfer. Two-phase fluids using
various combinations, including liquid/ivapor, liquid/solid, and vapor/solid, offer enhanced hest transfer and
fluid flow properties that can be utilized in energy converson sysems designs. Bailing and condensation
heset transfer have been utilized for many yearswithout acomplete fundamental understanding at themicro-
scopic and molecular scales to enhance hesat transfer and system capabiilities. Recent developments in
microscal e probes and non-destructive measurement techniques coupled with advanced computing tech-
nology give rise to consderable optimism that better fundamenta understanding can be developed in the
near future in two-phase flows and boiling and condensation heet trandfer.

The recent devel opment of nanofluid suspensions gppearsto yield nove hest-transfer and fluid-flow prop-
erties that provide another exciting possibility for enhanced system performance through the use of new
materias and properties. Thisnew class of heat transfer fluidsis manufactured by dispersng nanometer-
sze solid particlesin traditiond heet transfer fluids to increase therma conductivity and heet transfer per-
formance. Experiments conducted to date have found that the improvement in heet-transfer properties of
severd nanofluidsissignificantly better than that predicted by existing theory. Thisrepresentsafundamen-
tal discovery in basic heet transfer and considerably more work is required to fully understand the princi-
pas of operation and the fundamenta physics that give these materids enhanced cgpabilities. Origind
effortsby ArgonneNationa Laboratory are being extended through work with Vavoline, Inc.; Nanopowder
Enterprises of Piscataway, N.J.; and through collaborations with Purdue University and Renssdaer Poly-
technic I ndtitute to investigate the hest-transfer mechanismsin nanofluids. Applicationsin heavy transpor-
tation vehicles, supercomputer circuits, high-power microwave tubes, and advanced nuclear reactors are

possible.

Relevance and Potential Impact

A truly fundamentd understanding of heat trandfer and fluid flow is advantageous to dl forms of energy
converson systems, both present and future. Research leading to a comprehensive understanding of
multiphaseflow and heet trandfer a the mechanigtic level would yield significant design benefitsfor dl types
of advanced devices ranging from heavy-vehicle engines to computer chips and nuclear reactors.

Estimated Time Scale
The necessary research effort is estimated to requirel5-20 years.
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Renewable and Solar Energy

To Displace Imported Petroleum by Increasing the Cost-
Competitive Production of Fuelsand Chemicalsfrom
Renewable Biomass by a Hundred Fold

Develop Methodsfor Solar Energy Conversion that Result
in a Ten-to-Fifty Fold Decrease in the Cost-to-Efficiency
Ratio for the Production of Fuelsand Electricity

Develop the Knowledge Base to Enable Widespread
Creation of Geothermal Reservoirs

Conversion of Solar, Wind, or Geothermal Energy
into Stored Chemical Fuels

Advanced Materialsfor Renewable Energy Applications
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TO DISPLACE IMPORTED PETROLEUM BY INCREASING THE
COST-COMPETITIVE PRODUCTION OF FUELSAND CHEMICALS
FROM RENEWABLE BIOMASSBY A HUNDRED FOLD*

EXECUTIVE SUMMARY

Emerging knowledge in functional genomics and molecular technologies provides new opportunities for
the genetic tailoring of plants and microorganismsto produce novel materids, fuels, and chemicas. During
the past century, plants have been extensively modified to vastly improve the production of food, feed, and
fiber. An understanding of fundamenta mechanisms that govern the physica limitations of plant efficiency
will dlow the design and control of many useful plant properties. These include the control and character-
ization of plant architecture and composition (lignin, cellulose, hemicdlulose, sarch, and ails), improve-
mentsinthe energy efficiency of plant production (reduced nutrients, water, and land requirements), and an
expandon in the range of environments that can be used for cultivation (st tolerance and dtress ress-
tance). Further advances in the fractionation of biomass into individua components using physica and
chemicd treatments offer a mgor opportunity for cost savings. Metabolic engineering of new microbid
biocatalyss offers the potentia to produce nove biomaterids and chemicas that will serve as renewable
dternatives to current petrochemicals. These improved microbial biocataysts are required to expand the
range of useful conditions for indugtrid fermentations and reduce cogts through process smplification.
Subgtantid cost savings can aso be redized by the development of biocatalysts that produce enzymes
(i.e, clulase, xylanase, etc.) for carbohydrate depolymerization as coproducts during fermentation, elimi-
nating the need for separate enzyme production facilities. Application of biochemica and genetic principles
provide mechanismsfor the rationa design of improved enzymes concerned with the depolymerization of
plant congtituents. Recent expandg on in genomic sequences from microbes and plants provides avast tool-
kit of genes and enzymesthat can now be recombined and used to provide clean and sustainable solutions
to our current dependence on imported petroleum.

Summary of Resear ch Direction

The modern indusgtrid revolution has been powered by the use of solar energy from ancient plants and
microalgee that formed vast deposits of petroleum, cod, and naturd gas. The ancient photosynthetic
processes that produced these reservoirs of fossil energy aso shaped our climate and the composition of
our atmosphere. Storage of carbon in relatively inert fossil forms reduced atmospheric carbon dioxide and
other compounds associated with planetary heating and produced our oxygen-rich aimosphere. The vast
scaeof biologica conversion processes offers the opportunity to replace part of our dependence on fossl
residues for energy with contemporary sources of renewable biomass. Biologicd transformations of re-
newable biomass materids dso offer the opportunity to displace current petroleum-based chemicas and
plastics usng environmentaly friendly processes. Co-production of these higher vaue chemicals from
renewable biomassis essentid to reduce the cost of liquid fuels such as ethanol or biodiesel from biomass.

Approximately 0.2% of the current U.S. energy needs are supplied by renewable biomass, principaly
through direct combustion (heeting or dectricity) or ethanol asafud extender and oxygenate (providing 2

*Thisdocument served asthe basisfor asubsequent Proposed Research Direction from the Energy Biosciences Team
entitled “Energy Biotechnology: Metabolic Engineering of Plants and Microbes for Renewable Production of Fuels
and Chemicals.”
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billiongd/yr or 1.3% of totad automotivefud). Both the areas of liquid fuds(i.e., ethanol and biodiesd) and
combustion offer tremendous opportunities for expans on through the development of improved methods
for the solubilization of plant condituents and the gpplication of our emerging knowledge of plant and
microbid genomics.

Near term expansion of research should focus on the development of improved bioconversion processes
to produce chemicds (e.g., ethanal, longer chain acohals, fatty esters, etc.) that can be blended with
currently used automotive fuels (i.e., gasoline and diesel) and on the development of microbia processes
for higher value coproducts (i.e., commodity chemicas and bio-based plastics) that displace imported
petroleum and increase revenues. Underutilized residues from current agriculture and forestry with little or
no current va ue should be used asfeedstocks for this near-term expansion. Approximately 30 million tons
(Mt) of corn is currently converted to fud ethanal in the U.S. by a mature indusiry using very efficient
processesthat take advantage of the highly digestible nature of starch by microbia enzymes. Whilethiscan
continue to expand and make an important contribution to the energy security of our nation, the energy-
intensive nature of corn farming and competing uses of corn as food and feed will prevent the substantial
replacement of automotive fuel by ethanol from corn done. In contrast, the use of undervaued lignoce lu-
losic residues as feedstocks should have minimal impact on consumer costs for the primary products from
agriculture (food, feed and fiber). This new use represents an expanded benefit with minima investment of
additiond energy. Additiond fuels from lignocd lulosics can be blended with gasoline to reduce petroleum
imports while maintaining the benefits of corn-based ethanol production.

The high capital cost and increased risk associated with process complexity have thus far blocked the
indugtrid implementation of many promising new technologies. Much of this process complexity can be
reduced through the genetic engineering of improved microbid biocataysts, the genetic tailoring of the
plants for specific gpplications, and by improvementsin plant fractionation technologies that increase effi-
ciency and reduce cogs. Even with process amplifications, the barrier of risk associated with the first
implementation of anove technology should not be underestimated.

New Scientific Opportunities

Many aspectsof process complexity can beimproved by the gpplication of knowledge from microbid and
plant genomics. Genomic sequences provide a catal ogue of genes that can be used to dter cdlular struc-
ture, composition, and function. These sequences provide a Sarting point for our understanding of inte-
grated processesthat limit the efficiency of water and nutrient use, the partitioning of photosynthate among
cdllular condtituents, tolerancesto extreme environments, and bioconversion processes by microorganism.
A logical next step isto expand these genetic catd ogues by adding fundamenta knowledge concerning the
integration of gene functions and physiologica activities.

Cdlulose depolymerization by enzymes is arguably the single most expensive step associated with the
bioconverson of lignocdlulose to fuels and chemicds. Increased understanding of the molecular mecha
nism of glycohydrolases may lead to creation of more efficient enzymes that resst product inhibition.
Additiond approaches include the coproduction of glycohydrolases by the microbia biocatalysts during
fermentation and the coproduction of glycohydrolases in the tissues of plants prior to harvesting for bio-
converson. Significant reductions in added cellulase will dso be achieved by improved understanding of
the fundamenta chemica and physica processes involved in the fractionation and solubilization of biom-
ass.
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Our increasing facility and knowledge of plants should aso support a more radica gpproach to biomass
feedstocks, the genetic tailoring of plant compaosition for specific bioconversion processes. Continuing
investigations of fundamental mechanismsthat regulate the partitioning of photosynthate between carbohy-
drate polymers(i.e, cdlulose, hemicelulose, and starch), protein, lipid, and lignin should now dlow rapid
improvements in plant composition for fuels and chemicals equivaent to those that have been redized in
food crops. For ingtance, increasing the lignin content with reduction in carbohydrate content would
increase the energy dendty of plant resduesintended for use in combustion. Alternatively, increasing the
production of carbohydrate polymers that can be readily degraded by enzymes (i.e., starch and hemicd-
lulose) and reducing the content of cellulose and lignin could diminate the need for cdlulase enzymesin
bioconversion processes. Relaively smdl lignin and cellulose resduesthat remain after enzyme trestments
of such materias could be burned to provide steam and power.

Broad implementation of biomass as a primary energy source in the U.S. and in the world will depend
upon the genetic modification of plantsto expand the range of soil environmentsfor productive cultivation,
to minimize nutrient requirements, and to increase crop productivity (tons/acre per year). Theseimproved
plants will become the feedstocks of the future. Areas of particular interest include sdlt tolerance, meta
tolerance, and improved efficiencies for the use of water and nutrients. Thisis alonger term goa where
sudtained investment in fundamenta research isessentid. Again, thefield of genomics providesawedth of
information by catal oguing the genes. However, continuing fundamenta studies are essentid to understand
the mechanisms that have evolved to control these macro functions in plants and microorganisms. Results
from these investigations will serve as a guide for the rationa design of future improvements using both
traditiona and molecular gpproaches.

Relevance and Potential I mpact

The efficiency with which we have converted fossl biologica energy sourcesinto fuels and chemicas has
alowed atremendous expansion in population and improvement in the qudity of life throughout the indus-
tridlized world. As we look toward a future that must rely upon aternative energy sources, the same
fundamenta biological processes that created fossl deposits and our oxygen-rich amosphere can be
harnessed to provide a renewable source of energy and chemicals. Traditiona plant breeding coupled
with chemica and microbid conversion processes has dlowed hundred- to thousand-fold increasesin the
production of food and food products over the past the century with small recent contributions from
genomics and molecular methods.

Esimated Time Scale

These new methods, together with new advancesin materids science and chemidry, offer the opportunity
for even greater improvementsin bio-based products over the next 50 years and provide the basisfor the
conservative estimate of a hundred-fold increase in contribution of renewable biomass (meeting 20% of
the nation’ s energy needs) to our nationd security.
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DEVELOPMETHODSFOR SOLAR ENERGY CONVERSION THAT
RESULT INATEN-TO-FIFTY FOLD DECREASE IN THE
COST-TO-EFFICIENCY RATIO FOR THE PRODUCTION

OF FUELSAND ELECTRICITY

EXECUTIVE SUMMARY

The grand chdlengefor solar energy utilization isto develop conversion systemsthat are stable and robust
for a20-30 year period and that result in aten-to-fifty-fold decrease in the cost-to-efficiency ratio for the
production of eectricity and fuels. To reduce the cost of installed photovoltaic systemsto $0.20 per peak
watt of solar radiation, a cost level that trandates into $0.01-$0.02/kWh, or to reduce the cost of solar
fudsto $1.00/GJ, cogts that would make solar photoconversion very attractive economicaly in today’s
energy market, will require truly disruptive technologies that do not exigt at the present time.

Toachievelow solar cost- to- power (electrical or chemical) ratios, at |east three approaches are possible.
In afirgt goproach, chemica methods are needed to enable inexpensive photoconversion materids (like
polycrystdline, nanocrysaline, and organic materids) to perform asif they wereexpensvesinglecrydds.
A second approachisto produce so-called interpenetrating networks. Such an approach relaxesthe usual
condraint in which the photogenerated carriers must exist for long enough times to traverse the entire
distance of the cdll and be efficiently separated and collected. Instead, the materids consst of a network
of interpenetrating regions that facilitete effective charge separation and collection over very short dis-
tances. A third approach involves developing novel methodsto obtain extremely high conversion efficien-
cies a modest cost. Present photon conversion devices based on a single threshold absorber and full
thermal relaxation of the photogenerated carriers, including semiconductor photovoltaics, have atheoreti-
cd thermodynamic conversion efficiency of 32% in unconcentrated sunlight, but the conversion efficiency
can be increased, in principle, to 45-65% if carrier thermalization can be prevented. Multiple bandgap
absorbersin acascaded junction configuration can offer high efficiencies, particularly when highly concen-
trated sunlight can be used, but the materids are expensive. Approaches to achieving high efficiencies at
moderate materids cost might utilize semiconductor quantum dots, quantum wells, organic dyes, and
related nanostructures. In either of the above approaches, the interfaces necessary to separate and collect
the charge carriers can be formed using solids, liquids, or polymers, but the resulting photoconversion
sructures must be inexpensve and manufacturable on alarge sce.

Summary of Research Direction

The efficiency of photovoltaic devices has been increasing steedily. Nevertheless, current technologies dl
lieon ardatively common cost/wett (W) scale. The underlying reason for thisroughly equa cost/W trade-
off is that the photovoltaic materias now available suffer from the same fundamenta physicd limitations.
Large-grain pure materids, with along lifetime capable of making efficient solar cells, are codlly to pro-
duce. Alternatively, chegper materids with smdler grain Szes have grain boundaries that act as recombi-
nation Stes, resulting in inefficient solar cells. A amilar trade-off isfound for organic (“plastic’) photovol-
tacs. If pure inorganic single-crystd materids, like slicon and GaAs, are replaced with much cheaper
organic maerias, the materids are inherently disordered and therefore are cheaper but more inefficient.
The net result isthat one can ride anywhere on this cost/W trade-off scae, but nevertheless end up at the
same cost/W ratio to within a factor of 20%. To reduce the cost of photoconversion systems for the
production of solar eectricity to $0.20/pesk W of solar radiation and solar fuels to $1.00/GJ cost levels
that would make solar photoconversion very attractive economically in today’ s energy market, will require
scientific breakthroughs and associated truly disruptive technologies that do not exist at the present time.
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One important strategy to attain these gods is to identify approaches that produce ultrahigh conversion
efficiency a modest cost. Present photon conversion devices based on a single threshold absorber,
including solid-gtate semiconductor photovaltaics, dl operate within aregime wherein the ultimate thermo-
dynamic converson efficiency is limited to about 32% with unconcentrated sunlight. In this regime, the
photogenerated dectrons and holes are in therma equilibrium with the phonons (quantized lattice vibra:
tions) of the light-absorbing materid. Thismeansthat the energy of photogenerated eectrons and holesin
excess of the threshold energy (i.e., the bandgap) is not utilized for useful work, but rather is converted
into heat. Furthermore, in thisregime, photons less energetic than the threshold energy are not absorbed.
Recent research has shown that the equilibration of €ectrons and phonons (also referred to as hot eectron
cooling) can be dowed by oneto two orders of magnitudein semiconductor quantum dots, quantum wells,
and related nanogtructures. Thus, useful dectrical or chemical work may possibly be extracted before
thermalization occurs, resulting in higher converson efficiencies. Other researchers have shown that con-
verson efficiencies above the 32% limit may aso be achieved by: (1) the formation of resonant impurity
bands in photoel ectrodes produced from quantum dot solid arrays that can absorb two sub-bandgap
photons to create one eectron-hole pair; (2) photon up-conversion, whereby a higher energy photon is
produced from two lower energy photons; and (3) photon down-conversion, whereby two sméaller energy
photons are produced from one energetic photon.  Another approach to achieving high conversion effi-
ciency, dso yidding a theoreticd thermodynamic maximum of about 65%, is to use multiple bandgap
absorbers in a cascaded tandem configuration. In the limit of threshold absorbers matched to the solar
gpectrum the limit is 65%, but two tandem bandgaps are estimated to yield about 40% conversion and
three tandem bandgaps to yield about 50% conversion.

Another gpproach to meet these cost/W godsisto find
chemica methodsto fool the inexpensve photoconversion
materias (like polycrystdline, nanocrystaline, and organic
materids) into performing asif they were expensve angle
crysas, without actualy incurring the codts to grow the
expensve crystas themsdves.  This approach involves
chemicdly treating theseinexpensve materid s so asto fool
their grain boundaries or interfaces into thinking they are
part of the periodic crystd that this materid is trying to
emulate (eg., see Figure 3-1). A related drategy is to
produce so-called interpenetrating networks. Use of such
networks relaxes the usud congraint in which the carriers
that areexcited must exist long enough intheir excited Sates
to traverse the entire distance of the cdll. Insteed, the ma-
terids consst of anetwork of interpenetrating regions. There are two examples of these gpproaches that
aejus emerging. Neither of them are economicdly or technologicaly viable today, but they seem like
good gpproaches in the long run to achieve the difficult cost gods of #3$0.01-$0.02/ kWh.

Figure 3-1. Solar paint passivates grain
boundaries in inexpensive photovoltaics,
causing themto perform likeexpensvesngle
crystd materids.

New Scientific Opportunities

In either of the above approaches, the interfaces necessary to separate and collect the charge carriers can
be formed using solids, liquids, or polymers. In any successful system, the resulting photo converson
Structures must be inexpensive and manufacturable on alarge scale. Photoeectrochemical cells, polymer/
inorganic semiconductor junctions, thin-film photovoltaic materids deposited by chemica methods, and
organic conductors and semiconductors are al possible material sthat should be explored for this purpose.
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Aninteresting feature of photodectrochemica cdlsisthat they areinherently moretolerant of grain bound-
ary effectsthan solid-gtate sysemsand additionaly such cells can be configured to store the photogenerated
electricity by usng part of the photogenerated power to charge a third eectrode in the cell, which can
dischargeinthedark. Such acel becomesaphotochargable battery that can ddliver power day and night.
In the end, regardless of which materids system isimplemented in the conversion device, the fabrication
and assembly of the conversion device will have to be as chegp as painting your house and will need to be
meass produced asinexpensvely as printing the daily newspaper or making photographic film.

Relevance and Potential | mpact

Recent detailed andysesindicate that from 10-30 TW-yr of annud carbon-free energy will be required by
the year 2050 to accommodate the world' s expected population combined with a modest annua global
economic growth rate of about 2%. The range of required carbon-free energy depends upon the level of
atmospheric CO, that can betolerated. About 10 TW-yr of carbon-free energy annually will bereguiredto
stabilize CO, at 750 ppm, while about 30 TW-yr annualy will be required for stabilization at 400 ppm.
The current atmospheric CO, leve is 275 ppm, compared to 175 ppm before the industrid revolution.
Today, the totd annua consumption rate of energy isabout 12 TW-yr. Thusintense energy research and
development is required to enable the introduction of such large amounts of carbon-free energy into the
world' s energy infrastructure on thistimescae.

The solar congtant is 1.76 x 10° TW, which ismuch larger than the 12 TW mean globa energy consump-
tion rate from al sources at the present time. Hence, thereisample solar energy potentia to provide dl of
our energy needs from arenewable, carbon-free power supply. From the 1.2 x 10° TW of solar energy
that Srikesthe earth’ ssurface, apractical sting-constrained terrestrial solar power potential vaueis about
600 TW. The numbers range from very conservative estimates of 50 TW to optimistic estimates of 1500
TW, depending on the land fraction devoted to power generation. A good number to use for onshore
electricity generation potentid is probably 600 TW. Thus, for a 10% efficient solar farm, at least 60 TW
of power could be supplied from terrestrid solar energy resources. For calibration, photosynthesis cur-
rently supplies 90 TW globdly to make the biosphere run, so the amount of power available from the sun
isvery large.

Theland areathat is required to produce 20 TW of carbon-free power from solar energy is0.16% of the
earth’s surface, or 5 x 10" n?. Producing 3 TW (the current U.S. energy consumption rate from al
sources) with 10% efficiency would require covering 1.7% of theland inthe U.S., an areacomparable to
the land devoted to the nation’ s interstate highways.

Esimated Time Scale
10Yeas
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DEVELOP THE KNOWLEDGE BASE TO ENABLE WIDESPREAD
CREATION OF GEOTHERMAL RESERVOIRS

EXECUTIVE SUMMARY

There is a critica need to sgnificantly increase the power generating capacity globaly over the next 50
years, while minimizing the environmenta impact. The naturd thermd gradient of the earth’s crust repre-
sents an extensive globa geothermal resource, limited only by our ingbility to tap the gradient by cresting
productive and sustainable geothermd reservoirs. For example, exploitation of the geotherma gradient in
the western U.S. done could add as much as 0.1 TW of base load eectrica power. The extent to which
this vast potentia resource can contribute to increasing demand will depend on conceptud and technical
advances relaed to the creation and sustainability of productive reservoirs, where naturd permeability
and/or fluid content are limited. To meset this god, basic research on &l aspects of fractures and fracture
networks in competent crystaline rock will be required. Specific critica research areas include: (1) the
need for reiable high-resol ution techniques for remote fracture mapping, (2) coupling mechanica proper-
ties and the loca dtate of stress of reservoir rocks to stimulated fracture geometry, (3) mechanica and
chemica techniques for sustaining stimulated fracture permesbility, (4) new techniques for quantitative
assessment of the coupled thermal and chemical interaction of injected fluids with the simulated reservoir
fractures and reservoir matrix, (5) new materials and coatings to enable drilling and heet harvesting at
temperatures above 300°C, (6) new sensor technologies that will work at these temperatures, and (7) the
same technologies at temperatures from 500-1000°C.

Summary of Research Direction

Geothermd energy is derived from the inherent heat content of the earth’ scrust. Circulating groundwater
minesthe heat from hot crustal rocks and energy is extracted from the heated groundwater. With research
support from the U.S. DOE, sgnificant progress in defining U. S. geotherma resources has been made.
Resources with obvious geotherma manifestations, such as geysers, hot springs, fumaroles, mud volca-
noes, etc., have been developed or tested, and currently provide ~2800 MW, of geothermaly derived
electricity. Itisconcevable that improvementsin exploration and production technologies could increase
the output from natural systems by as much as afactor of ~2-10. However, given the predicted need for
10-30 TW of clean power by the mid-21 century, extensve technol ogica advancementswill berequired
if the vast geothermd energy potentia of the earth is to be exploited and added to the globa energy mix.
To meet future demands, geotherma research should be directed at tapping theinherent heet of the earth’s
crust by creating engineered geothermd systems.

Past research efforts have demongrated the technica feasbility of creating an engineered geotherma
resource. However, no commercia systems have been constructed and there is no conclusive proof that
productive sustainable reservoirs can be developed. Never-the-less, the vast energy potentia repre-
sented by the earth’s natural therma gradient should be a resource target. Idedly, a successfully engi-
neered sysem will be onein which theinlet and outlet conditions of fluid pressure, temperature, flow rete,
and water chemistry can be constructed, manipulated and controlled. Engineered systems, like their
natural counterparts, will likely be hosted in competent crystaline rocks, where fluid flow and hest ex-
changeis fracture controlled.
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New Scientific Opportunities

To meet this scientific chalenge will require extensive basic research into the nature and al aspects of
fractures, fractured rocks, and the interaction between the water circulating through the fractures and the
heet contained in the matrix rock hosting thefractures. Specific critica research areasinclude: (1) theneed
for reliable high-resolution techniques for remote fracture mapping, (2) the ability to couple mechanical
properties and the loca dtate of stress of reservoir rocks to the stimulated fracture geometry, (3) the
development of mechanicd and chemica techniques for sustaining stimulated fracture permesbility, (4)
new techniques for quantitative assessment of the coupled therma and chemica interaction of injected
fluids with the simulated reservoir fractures and reservoir matrix, and (5) extending drilling technologiesto
higher temperatures than presently accessible.

High resolution remote fracture mapping. Fundamentd research in the area of subsurface imaging,
with a focus on geophysical methods, will enable the development of technologies for remote fracture
mapping. Saismic methods are obvious candidates, Sinceit is known that fractures scetter seismic energy,
cause mode conversions, and trap and guide seismic waves. Further work is needed to establish amore
quantitative relationship between fracture properties of interest, such as length, connectivity, and perme-
ability, and of changesin the wavefield. Further work is aso required to establish quantitative attributes of
the saismic signature typically measured in thefield. Seismic amplitudes can be used if thereative contribu-
tion of scattering and intringc attenuation can be better understood, particularly under the multiphase
chemicaly reactive environment of a geotherma reservair.

Field gpplication of seismic methods will involve deployment of surface and subsurface sources and re-
cavers. Inthisregard, the huge amount of experience in the petroleum industry is not easily transferred to
geothermal. There are few geothermd reservoirs located in sedimentary environments for which conven-
tional acquisition Strategies have been developed. Passive source concepts should be further explored,
gnceit is known that geothermd production activities yield many microseismic events.

The difference in the geologic environments of petroleum and geotherma resources aso meansthat data
processing techniques from the petroleum industry are not easily adapted to geotherma gpplications.
Fundamentd research is needed to derive new agorithms for processing of the seismic wavefied gener-
ated in very heterogeneous strongly scattering media

Other geophysicd methods, such as eectricad and dectromagnetic, gravity, and surface deformation, are
of lower resolution than seismic but potentialy provide information to compliment seismic measurements.
Further fundamentd research on the effect of fractures on potentid field measurements is needed.

Rock mechanical properties, local stress, and stimulated fracture geometry. The fundamentas of
rock fracture have been studied extensively for 40 years. Nonethd ess, the technology for fracture simu-
lation of geotherma reservoirsisnot well defined, despite severd fied-scale attempts. Further fundamen-
tal research needsto be focused on understanding fracture initiation and propagetion in rock in which there
is anetwork of pre-existing fractures containing fluids of multiple phases subjected to large thermd and
hydrologic pulses. The rdative contribution of brittle and ductile processes needs to be studied for the
hydrotherma conditions and rock types present in geothermd reservoirs. Though it is known that mi-
croseismic activity accompanies such stimulation processes, further research is needed to quantitetively
interpret these events in terms of changesin hydraulic properties of the rock.
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Sustaining stimulated fracture permeability. Experience in reservoir imulation usng such tech-
niques as fluid acidification, injected propelants, hydro-fracturing, sand injection, etc. has demonstrated
the feagbility of enhancing near-well bore permegbility. Engineered geotherma systems introduce a new
level of complexity, because permeability must be enhanced and sustained over the distance between an
injector and production well and over long periods of time. Long-term success of an engineered system
will require future research in physica and chemica methods for maintaining open fluid pathways.

Coupled thermal and chemical interaction between injected fluid and reservoir rock. Thether-
ma power performance of an engineered reservoir will depend on the coupled efficiency of fluid circula:
tion and hesat extraction. Surface seismic methods can define a seismic reservoir volume, Conservetive
fluid tracers can map fracture connectivity between aninjection and production well. However, thereisno
direct measurement that couples the seismic volume and fracture connectivity to the effective heat-transfer
volume. The latter is a necessary parameter for understanding, modedling and predicting thermal power
performance.

A mgjor objective of future research should be to develop reliable techniques for determining the effective
hest-transfer efficiency over an integrated fluid-flow path. Fundamenta research is needed to develop the
chemicd, isotopic, and advanced microscopic techniques for geochemica characterization of fluid-rock
systems from the microscopic, to the molecular, to the fidld scae. For ingtance, presently it is not well
understood why fluid-rock reaction rates determined in |aboratory-scae experiments are up to severd
orders of magnitude faster than smilar reaction rates measured on afied scae. Of fundamenta impor-
tance isthe ability to modd fluid transport, fluid-rock interaction, the rate and distance scaes over which
these processes occur, and an effective surface area of fluid-rock exchange.

High-temperature drilling technologies. In order to extend the geotherma resource potentia to
greater depths and higher temperatures, high-temperature drilling technologies will need to be advanced.
Future research should focus on deve oping new materials and coatingsto enable drilling and heat harvest-
ing a temperatures above 300°C, new sensor technologies that will work at these temperatures, and the
same technologies at temperatures from 500-1000°C.

Relevance and Potential | mpact

The natura thermd gradient of the earth’s crust is ~30-100°C/km and represents an extensive globd
geotherma resource of high potentid. For ingtance, exploitation of the therma gradient in the western
U.S. done could add as much as 0.1 TW of basdload dectric power. Accessto this resourceis limited
only by our present inability to tap the naturd thermal gradient and create geothermd systems. To create
a productive and sustainable geotherma power resource from the naturd thermal gradient, the biggest
scientific chalenge will be engineering the gppropriate mix of permegbility, fluid pressure, water flux, and
heat exchange. In most regions, adequate heet is accessible with present drilling technologies. Accessto
deeper and hotter systems, thus extending the geotherma resource, would require future advancesin high-
temperature drilling technology.

Estimated Time Scale

Initial goa 1s0.02 TW of basdoad eectric energy from engineered systems by the year 2020. Secondary
god is 0.1 TW by the year 2040. Find god is technologica development for exploiting deeper hotter
systemsin regions of norma and higher than normd thermd gradients.
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CONVERSION OF SOLAR, WIND, OR GEOTHERMAL ENERGY
INTO STORED CHEMICAL FUELS

EXECUTIVE SUMMARY

In one approach, dectricity would be produced by the conversion devices and then converted separately
into storablefuds. For thisapproach to be cost-effective and energy efficient, new cataystsare needed to
facilitate multi-electron transformations, such as evolving hydrogen and oxygen from water or reducing
CQO, to methanoal, ethanol, or other carbon-based fuels. In asecond approach, thefuel ismade directly or
in an integrated system with the energy conversion device. Direct solar photoconversion is the process
whereby the energy of solar photons is converted directly into fuel gtarting from smple and renewable
subgtrates, such as water, CO,, and N,. These processes require photoactive organic, inorganic, or
biologicd molecules or materias that can absorb a large fraction of the solar irradiance and drive the
chemical reactions that produce the fuels of interest.

Summary of Research Direction

Direct solar photoconversion isthe process whereby the energy of solar photonsis converted directly into
fuels starting from simple and renewable substrates, such aswater, CO,, and N, These processesrequire
photoactive organic, inorganic, or biologica moleculesthat can absorb alargefraction of thesolar irradiance
and drive the chemicd reactions that produce the fudls of interest. Direct formation of fuels will require
development of inexpensive, robust, and efficient thermal and/or photochemica cataystsfor the formation
of such fuds from abundant, inexpensive, recyclable chemicals. Important targets include the direct
photochemica splitting of water into H, and O,; catalyststhat could be used, either in an integrated fashion
with photod ectrochemical devices or in amodular fashion with photovoltaic systems, and that individually
reduce water to hydrogen and oxidize water to oxygen; and catalysts thet effect the reduction of CO, to
organic fuels (such as methanol or methane) or that utilize H, and CO, to form hydrocarbon fuels.

Three branches of science and technology can be defined for direct solar photoconversion:
photoel ectrochemistry, photochemistry, and photobiology. They dl depend upon photo-induced charge
generation (i.e., electrons and positive holes) followed by efficient postive and negative charge separation
at various types of interfaces that ultimately produce oxidation-reduction (redox) chemistry.
Photoe ectrochemistry involves semiconductor-molecule interfaces, photochemigtry involves molecule-
moleculeinterfaces, and photobiology involveshiologica interfaceswith other biologica and non-biologicd
molecules.

Fud s produced by solar photoconversion are derived from endoergic reactionswherein the photon energy
is stored as chemical free energy in the reaction products. Extremely important examples of this process
are hydrogen from photolytic water splitting and formation of methane, methanol, or ethanol by thereduction
of CO, inwater. Thelatter can betermed “ artificia photosynthesis,” since biological photosynthesis uses
the same reactants of CO, and H,Oto form biomassand O,. However, theterm “artificid photosynthess’
isaso applied more generdly to dl fuels and chemica products produced via solar photochemistry. The
photoactive molecules and materials used to create and separate ectrons and holes and to drive the
appropriateredox chemistry are semiconductors (inorganic or organic) in photoel ectrochemistry, molecular
gructuresin photochemistry, and biologica structures (e.g., in vivo water-splitting blue-green dgae or in
vitro reaction centers) in photobiology.
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The best reported conversion efficiency (rate of H, free energy output divided by the input solar power)
for the photolytic splitting of water by semiconductor structuresisabout 12%. Thisefficiency wasachieved
using amonolithic tandem cell structure that consisted of two series-connected p-n junctions of GaAsand
GalnP, with noble meta catalysts deposited on the anodic (oxygen evolving) and cathodic (hydrogen
evolving) sSdesof thelayered structure. However, the cost of thiscel isvery high, and the use of such high-
efficiency tandem cdlsisusualy reserved for space gpplications. Photobiologica production of hydrogen
by photosynthetic blue-green agae has recently been achieved without the usua poisoning of the algae by
the evolved oxygen. However the conversion efficiency is very low (< 1%). Systemsin between these
limits, in terms of both cost and efficiency, have aso been developed and include the photod ectrolylsis of
aqueous HBr usng S’ microspheres and the photodectrolysis of agueous HI using pure semiconductor
crystals. Combination gpproaches are dso possible in which non-biologica chromophores are used to
drive photosynthetic processesin cdllsand, conversdly, in which photosynthetic reaction centersaremodified
to produce different fuels than are normally produced by the natura biologica system.

Underlying al of these gpproaches are inexpensive photoconverson systems and effective, robust fue-
forming catdysts. Thereactionsof interest are multi-electron transfer processesthat are difficult to perform
near their thermodynamic potentia using known inexpensive catdysts. Important targetsinclude the direct
photochemica splitting of water into H, and O,, cataysts that individualy reduce water to hydrogen and
oxidize water to oxygen and that could be used ether in an integrated fashion with photoe ectrochemical
devices or in amodular fashion with PV systems, and catalysts thet effect the reduction of CO, to organic
fuels (e.g., methanol or methane) or that utilize H, with CO, to form hydrocarbon fuels.

New Scientific Opportunities

Biological systems offer proof of concept that such cataysis is possible, because enzymes such as
hydrogenase, nitrogenase, and the oxygen-evolving components of photosystem |1 drive these fud-forming
reactions with extremdy high energy efficiency. At present thereisllittle understanding of how to remove
such catdydts from the biologica system and maintain their function or how to design biologicd cataysts
for such reactionsthat are inexpensive and robust under expected operating timescaes and environmental
conditions. Thereisacritica need to develop catayds, likdly trangtion-meta based, that can enable this
fud-forming function, whether in direct solar converson systems or asamodule in conjunction with solar-
to-dectric systems, and that as a system enable the production of fuel from the solar energy resource.

Relevance and Potential I mpact

The same consderations for inexpensive converson of solar energy apply to systems that would engble
inexpendve storage and fuel production from solar energy. All the possible strategies for high-efficiency,

low-cog, high-stability and long-lifetime solar photoconversion systems must be examined and compared
to find the optimum system(s) to achieve theimportant goa s described abovefor producing stored chemical
freeenergy infudsor dectricity from renewable resources. Thisis particularly vita since photoconverson
isadirect solar conversion processthat utilizesthe largest available renewabl e energy resource and hasthe
potentia to operate with ultrahigh conversion efficiencies and with very low-cost materidsin an integrated
system that provides the solar energy conversion and storage functions while producing useful fud from a
renewable energy resource.

Esimated Time Scale
10-20Years
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ADVANCED MATERIALSFOR RENEWABLE ENERGY
APPLICATIONS

EXECUTIVE SUMMARY

Photovaltaic converson isone of theleading contendersfor renewable energy sources. The basic physica
principles of photoconversion are now well understood, leaving systemn design and materias development
asthe primary chalengesfor widespread implementation. Solar cells made from polycrystaline (including
amorphoussilicon, aSi) semiconductorson low-cost subdtrates are apromising direction requiring significant
materids advances. Hybrid solar cells combining a porous wide bandgap semiconductor with a light-
sengtive dye offer high potentia for low-cost unconventiond photovoltaic converson. Opportunitiesand
prospects associated with hybrid converson materids are very promising and create many dtractive
materiasresearch directions. Inthelonger term, nanosiructured meteria soffer quaitatively new opportunities
and chalengesfor solar converson, exploiting quantum dots, carbon nanotubes and nanofibers, and organic
semiconductors. Early successesdemondrate Sgnificant impact of nanoscae materid son photoconversion
and promise dramatic advances in materia design and performance.

Summary of Research Direction

The most likely scenario for renewable energy utilization generaly envisons a mix of technologies, with
photovoltaics (PV) being the leading contributor. Thefactorsthat are most detrimental to widespread PV
gpplications are cost and effective storage of the eectrical energy produced. The storage problem issuch
a severe limitation that any discusson of materids for PV conversion for the future should include
consderation of materids problems relating to the storage device (e.g., batteries) itsdf. Revolutionary
progress in photovoltaic converson of energy depends on developing materids that will work effectively,
reliably, and are inexpengve to implement.

Single crystal conventional cells. Congder firg high efficiency sngle-crystd slicon cdls. Efficiencies
have progressed to aremarkable point in the last 10-15 years, but at an enormous increasein the cost and
complexity of the cdls. The materiads problems associated with S itself have largely been overcome
because of itswidespread usein the semiconductor industry. Recent gainsin efficiency have been made by
improved fabrication techniques for antireflection coatings, texturization of the surface for light trapping,
buried contactsto increase the active area, efc. If one considers other semiconductors such as GaAs, the
materids Stuation is less well developed, but Hill the research has been at a repectable level.  Mullti-
junction cells, even for concentrator gpplications, are very complex and the materials issues even more
demanding. Again, these avenues have been thoroughly explored and it seemsthat a breakthrough of the
magnitude needed is not to be found inthisarea. The driver is not efficiency, but cos.

Thin-film cells on low-cost substrates. The driving force for the development of this approach to PV
isagain cod. The high-efficiency cdls mentioned above dl utilize the materid itsdlf to support the active
part of thecdl. Evenin S with itsindirect bandgap, very little of the materid is utilized for the actuad PV
converson. Consequently, thin films deposited on low-cost substrates would seem to offer a path to
drastic reductionsin cost. Let us consder three such paths that have been extensively explored.

Atonetime, &S solar cdllswere consdered the hope of the photovoltaic industry for large-areagpplications,
but their potentia has not been realized and now amost universal pessmism about them prevails. For one
thing, degradation dueto Stabler-Wronski effect has not been satisfactorily overcome. Efficienciesremain

A